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The analysis of chemical speciation has an important role in environmental protection since 
availability, fate and toxicity of a number of potentially toxic elements depend on their 
chemical form. In particular, thallium has been identified as an environmental significant 
element, being more toxic to humans than many heavy metals including Hg, Pb and Cd. 
Thallium can occur in the aqueous phase and sediments in the state of oxidation Tl(I) and 
Tl(III). Tl(I) is the more thermodynamically stable species under the typical conditions for 
natural waters. Italian Regulations pose a concentration limit of 2 µg/l for total Tl in 
groundwater, and do not distinguish among the different Tl species, although some studies 
highlight a higher toxicity for Tl(III). Thallium concentrations limits are 1 mg/kg and 10 
mg/kg (on a dry basis) in soils for residential and industrial use, respectively. 
This Thesis is focused on the study of occurrence and oxidation state of thallium in waters 
and sediments sampled in a watershed impacted by past mining, characterized by high 
thallium concentrations in orebodies.  
Thallium concentration and speciation were determined at the Hydro Sciences Laboratory of 
CNRS of Montpellier (France) by High Pressure Liquid Chromatography coupled with 
Inductively Coupled Plasma Mass Spectrometry (HPLC-ICP-MS). In addition, major ion and 
trace elements analysis on waters samples were obtained by Ion Chromatography (IC) and 
ICP-MS at the Department of Earth Sciences of the University of Pisa. Thallium speciation 
analysis and some trace elements abundance were also done at the Institute for Chemistry of 
OrganoMetallic Compounds (CNR) of Pisa, for a comparison. The results indicate a Tl 
concentration in the range between 375 and 923 μg/l in acid mine drainages, 9.11-157 μg/l in 
spring and surface waters, and 58.6-570 μg/g in sediments at the drainages outflow and stream. 
It was found that in waters thallium occurs mainly in the monovalent form Tl(I), even if in 
some cases a significant amount of Tl(III) was detected. In particular, Tl(I) characterizes acid 
mine drainages, while Tl(III) with a maximum concentration of 91.7 μg/l (up to the 40% of 
the total amount) has been measured in surface waters in two different stations along the 
stream course. This observation poses the question of the possible mechanisms for Tl(I) 
oxidation processes in these settings. This point requires additional investigations. 
Satisfactory results for Tl speciation in sediments were not obtained, since only a small 
fraction of the total Tl was actually extracted by both DTPA and H3PO4 for speciation 
analysis. However, despite not quantitative, speciation results seem to indicate the occurrence 
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of Tl(I) and Tl(III) in different amounts in sediments. Possible oxidation reactions involve the 
role of manganese oxides.  
Finally, the role of changing the oxygenation state of waters on thallium speciation was 
preliminary investigated by microcosm experiments on samples consisting of sediment and 
water. The results indicate that, in both oxic and anoxic conditions, Tl(I) concentrations 
increased as a function of incubation time. The observed increase of Tl(I) concentrations 
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The environment in which we live is constantly changing and is important to be conscious of 
possible problems associated with these changes. Environmental issues are increasing in 
importance year by year. In particular soil and water contamination by toxic and potentially 
toxic elements (PTE) has become a widespread serious problem in many parts of the world. 
PTE in soil and water may come from agricultural activities, urbanization and 
industrialization, including mining activities. Mining industry may cause changes in 
landscapes, destructions of habitats, contamination of soil and water, and degradation of land 
resources. Even after the cessation of the mining works, tailing ponds, as a result of the 
accumulation of wastes containing pyrite and other metal-sulfides, remain in the area exposed 
to the atmosphere with a possible mobilization of PTE and consequent environmental risk. 
Another problem related to abandoned mining areas is the formation of Acid Mine Drainages 
(AMD), which represented a source of PTE. In order to reduce the environmental impact of 
active and/or abandoned mining activities, it’s necessary to develop a remediation system 
based on preliminary studies about AMD, waste properties, heavy metals content and their 
relations in the environment. 
In this context we can place the study site of this Thesis, that will focus on water of the 
Baccatoio stream considering various aspects of the area, as the particular geological setting 
and the singular mineralization of the mine sites. The Baccatoio stream catchment is part of a 
regional basin called “Toscana Nord”, in the northern sector of the Tuscany Region 
(www.regione.toscana.it). The stream flows in an area where there are old abandoned mines 
that exploited the widespread mining camp for several centuries in the valley of the Baccatoio 
stream and in the nearby areas. The last mine was closed in the end of 1900s and all the area 
was abandoned (www.santannadistazzema.org). The stream is not very important for water 
supply, even if it is used by local communities for irrigation. This site has received a social 
interest in recent times, after the finding of thallium at concentration of concern in drinkable 
waters, exceeding the US-EPA threshold of 2μg/l (EPA, National Primary Drinking Water 
Regulations, 1995). This Thesis is hence focused on the better comprehension of fate of 




2. The environmental impact of abandoned mining areas 
The mines are important during the period of activity for sustenance of the community that 
work in and for economic reasons, but after their abandonment without a proper reclamation 
the mining sites may create a geomorphological and environmental risk. Mines influence 
heavily the features of the territory and it’s not sufficient to stop the activity to reconstruct the 
previous equilibrium. During mining not only large tonnages of ores are removed, but also 
waste rocks and tailings are produced as well, all of which require rehabilitation upon mine 
closure. Unfortunately, such rehabilitation after closure did not take place until recent years, 
and today the developed countries, as well as the developing and emerging economies, have 
the need to close and rehabilitate mines and mining waste facilities that represent almost a 
century of mining activities. 
New environmental policies and legal requirements, such as the Water Framework Directive 
(2000/60/EC), introduce environmental quality standards for surface and groundwater that 
have to be complied with within a specified time frame. An area that has been worked for a 
long period, abandoned in a short time and that isn’t in its original state has to be stationed 
and rebalanced. Historically, extractive waste facilities were often abandoned without any 
concern regarding potential risks to humans and to the environment, nor with regard to visual 
impacts, land-scape integration, land-use or similar concerns. In summary, some problems 
about abandoning mines are: loss of structural integrity; contamination of water, soil and 
plants by heavy metals; hazardous waste; dangerous substances/preparations, which come 
from the mining sites; creation of particular ecosystems that can produce acidity or initiate 
hazardous reactions (for example oxygenation, reduction and bacterial activity); altered 
landscape (Figure 2.1); land no longer usable due to loss of soil, changes in pH or slope of 
land; changes in groundwater regime; abandoned tailings; waste rock management facilities; 




Figure 2.1, example of landscape modification because of mining activity, Flambeau mine 
site: a) before mining (1991), b) during mining (1996), c) after mining (2002) (Kuter, 2013). 
All these problems and the correlated reclamation works may affect not only the mining sites 
but also the surrounding areas, including rivers and ports, some of which may be a hundred 
miles or more from the mine sites (Mining and Development, 2002). For mining companies, 
safety, environmental, and social risks can occur and significant economic losses can arise if 
closure goes badly. For mining communities, mine closure can cause severe distress because 
of the threat of economic and social collapse, that can include the entire region. For mining 
communities and government, mine closure usually means a severe reduction in income at 
best, and a huge cost in terms of social and environmental mitigation at worst (Mining and 
Development, 2002). The most serious and pervasive environmental problem related to 
mining waste is represented by the release and dispersion of heavy metals associated with 
sulfides and oxides. In exogenous conditions sulfides are unstable, because the exposure to 
atmospheric conditions causes their oxidation/dissolution, resulting in release of metals and 
metalloids (Nordstrom et al., 2015). Such reactions, mainly affecting pyrite (FeS2), produce 
sulfuric acid. These acid conditions (pH of 2-4) encourage the further dissolution of other 
sulfides and the shipping in solution of heavy metals, that are particularly concentrated in acid 
mine waters. The phenomenon is known as Acid Mine Drainage (AMD). One of the most 
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worrying aspects about AMD is its persistence in the environment, and once started, it is 
extremely difficult to stop the process (ISPRA, 2014). 
The study of the geology and hydrogeology of the mining sites is the starting point to 
understand the area and the various aspects that need to be monitored and provided. The 
problems listed above have environmental, social and economic impact on countries and 
individual communities due to: loss of productive land, degradation of groundwater, pollution 
of surface water, sediments, air pollution and risk of failing structures (Figure 2.2). 
 
Figure 2.2: example of slope failure at Letlhakane mine, Botswana. 
For the future the majority of countries have put in place policies and legislations that, directly 
(within the national Mining Law) or indirectly (normally within the national Environmental 
Law, but also within many Foreign Investment Laws), provide for conscious mine closure 
(APAT, 2006). 
2.1 The concern of AMD in EU Countries and worldwide 
Over the last few years, mine closure has become one of the most difficult issues for mining 
companies around the world. A century ago when a lot of mines ran out of ore, production 
stopped and mines were simply closed and abandoned. Even today, that practice is sometimes 
still followed. However, most countries and most companies now recognize that mine closure 
is much more than stopping production and decommissioning the mine. Many countries 
affected by a series of closures, unsafe workings, hazardous sites and unreclaimed land and 
many of these sites are in developed countries. All around the world a first wave of mine 
closures has already begun to occur in the past decade, especially in China, in the coal and 
lignite industries in Eastern Europe and Germany and in Poland about one-third of the hard 
coal mines have been closed. In China, in the year 2000 alone, about 40000 illegal small-scale 
coal mines and over 250 state-owned coal mines were closed. In South Africa, over 100000 
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workers have been fired from the mining sector in the past few years. Over the next decade, a 
large number of mine closures is expected, particularly in developing countries. There can be 
many reasons: following a surge in mining investments and privatization in the 1960s, 1970s, 
and 1980s, many of the large modern mines established during this period are now beginning 
to move toward the end of their economic life; increased pressures on markets will leave only 
most cost-effective producers and fiscal pressures in poor countries are reducing direct and 
indirect subsidies to mining operations. For these reasons and others at least the closure of 25 
large mines in developing countries it’s planned within the next 10 years. In Papua New 
Guinea three of the country’s four large mines will either close or stop mining within the next 
years, others are in China and India, where reforms and restructuring of the state-owned 
mining sector may also result in a large number of mines to be closed and social needs to be 
addressed. A positive example is in Chile, that is certainly one of the countries most successful 
in making its mining sector a veritable engine for growth. Environmental laws, regulations 
and institutions govern the mining sector, and thus mine closure, just as any other sector. Some 
specific mine closure issues are currently under review, but generally the system is considered 
adequate to ensure environmentally appropriate mine closure (Mining and Development, 
2002). Europe is rich in natural resources, and extraction and supply of minerals continue to 
play a crucial role in the European economy and society. Minerals are used in everyday life, 
e.g. as construction materials for infrastructure, buildings, and roads, and for industrial 
purposes in the production of steel, cars, computers, medicines, human and animal foodstuffs 
and fertilizers (www.euromines.org, European Association of Mining Industries, Metal Ores 
& Industrial Minerals). In European Countries, the MWD (Mining Waste Directive, 
2006/21/EC, D.Lgs. 117/2008 in Italy) is for making public, by 2012, all the mining sites, 
closed or abandoned on the territory, that have serious negative effects on the environment or 
that can be a serious threat for human health or for the environment. To date, in Europe, there 
is still no database of the location and the physical and chemical characteristics of the deposits 
of mining waste and other industrial waste. Though some countries, like Spain, are actually 
working on a national program of waste of extractive industries (ISPRA, 2014). 
In Italy there are 2990 mining sites (ISPRA, 2011), mostly located in some areas (Figure 2.3). 
Interesting is also to see the relationship between total mining sites by region and the relative 




Figure 2.3: distribution map of mining sites in Italy. In red are Regions with the most 
abundance of mine sites, in green and white are Regions with minor and no impact, 
respectively (APAT, 2006). 
 
Figure 2.4: relationship between mining sites, total and abandoned. Almost the state of mining 
sites in Italy is abandoned, exception for Sardinia, Tuscany and Piedmont (ISPRA, 2011). 
In Tuscany there are 416 mine sites, principally in the south of the Region. In these sites the 
ores exploited were brown coal, cinnabar, marne to concrete, lignite, black lignite, pyrite and 
manganese minerals. The mining activity in Tuscany increased during the beginning of the 




3. Communitary and Italian regulations: water and soil 
Water is an essential resource for survival; high quality, safe and sufficient drinking water is 
essential for our daily life, for drinking and food preparation. We also use it for many other 
purposes, such as washing, cleaning, hygiene, etc. Water is an indispensable resource for the 
economy and also plays a fundamental role in the climatic cycle regulation. For these reasons, 
the European Union made the Drinking Water Directive in 1998, that concerns the quality of 
water intended for human consumption. The target of this Directive is to protect human health 
and for this purpose it laid down the essential quality standards. Afterwards, Member States 
of the European Union may include additional requirements during the translating of the 
Directive into their own national legislation. In Europe the water demand is increasing with 
population and industrial development year by year; we can see it clearly with some statistic 
data like the Water Exploitation Index. Those data show the relationship between extracted 
water each year and total water available long-term (Figure 3.1). The total water abstraction 
in Europe is about 353 km3/year, which means that 10% of Europe’s total freshwater resources 
is abstracted (EEA, European Environmental Agency, www.eea.europa.eu). The total 
renewable freshwater resource of a country is the total volume of river run-off and 
groundwater recharge generated annually by precipitation within the country, plus the total 
volume of actual flow of rivers coming from neighbouring territories. This resource is 





Figure 3.1: Water exploitation index (WEI) across Europe; Solid bar: Water exploitation 
index without water abstraction for cooling systems; dotted bar: WEI based on total water 
abstraction. (Marcuello and Lallana, 2004). 
In Italy the administration of water is carried on by Ministry of Environment, that carried out 
the Directive 2000/60/CE (Direttiva Quadro sulle Acque, 2000). This Directive wants to 
improve the quality and the quantity of water in Italy with a long term project on preservation 
of water resources. There is a monitoring plan and a division of work based on every 
catchment area, for example in Italy the Legislative Decree of 3th of April 2006 n. 152 (Norme 
in materia ambientale, www.minambiente.it) divides the Italian territory into eight different 
districts. In particular in Tuscany the water sector of prevention and environmental protection 
is entrusted to ARPAT, an Agency that was born in 1996 and reformed in 2009 with the 
Regional Law n. 30/2009 (ARPAT, www.arpat.toscana.it).  
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Thanks to particular climate and hydrogeological features, Italy is well provide of freshwater, 
valued 155 billions of m3.; it’s estimated that the average volume of precipitation in Italy is 
one of the highest and about of 97% of freshwater is in aquifers (Green Cross, www.gcint.org). 
The situation in Italy is also complicated by the very different distribution of water due to the 
differentiation that we can see across the Country, for example North and South, or mainland 
and islands. In Italy, the total meteoric inflow is of about 300 billion m3/year (Regione Emilia 
Romagna). The highest percentage of these precipitations, a little more than 40%, is 
concentrated in the northern regions, 22% in the central ones, 24% in the southern regions and 
just 12% in the two largest islands, i.e. Sicily and Sardinia. The water resource availability, 
however, is estimated to be only 58 billion m3/year, 72% of which derivable from surface 
resources (rivers, lakes), while 28% from underground resources (water tables close to the 
surface). Almost 53% of the utilizable surface resources are localized in northern Italy, 19% 
in central Italy, 21% in southern Italy, and 7% in the two largest islands (Ministry for the 
Environment, Land and Sea of Italy, 2007). About 70% of the underground resources are 
localized in the large flood plains of northern Italy. Not many underground resources are 
utilizable in southern Italy, being confined in the short stretches of coastal plains and in a few 
inner areas. These data confirm the irregular distribution between northern and southern parts 
of the country. Furthermore, there is a reduction trend of the water resource during the last 
decades, caused by the concurrent decrease in precipitation and increase in evapotranspiration 
and water utilization (Ministry for the Environment, Land and Sea of Italy, 2007). Water 
supply is becoming a social and economic emergency in Apulia, Basilicata, Sicily and 
Sardinia, primarily because of increasing water demand and lack of management practices. 
Further associated decreases in mean precipitation could aggravate this situation. Water stress 
might increase by 25% in this century (WHO, World Health Report, 2007). 
Freshwater resource per inhabitant is considered an important indicator for measuring the 
sustainability of water resource; in particular relatively low levels, below 3000 m3 per 
inhabitant, has been recorded in some EU Member States. It’s called “water stress” when 
annual water resources drop below 1700 m3 per inhabitant (www.eea.europa.eu). In Europe, 
there are eight countries that can be considered water-stressed (Germany, England and Wales, 
Italy, Malta, Belgium, Spain, Bulgaria and Cyprus), representing 46% of Europe's population. 
In 2013, freshwater abstraction by public water supply ranged across the EU Member States 
from a high of 159.1 m³ of water per inhabitant in Italy (2012 data) down to a low of 32.7 m³ 
per inhabitant in Malta. Most of the water abstracted in Italy, Spain, Cyprus and Malta is for 
consumptive uses (especially irrigation) and there is therefore higher pressure on water 
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resources in these four countries. Total water abstraction in Europe has decreased by more 
than 20% over the last 15 years, with a decrease fastest between 1991 and 1997. The 
percentage reduction in water abstraction is largest (35 to 40 %) in central Europe and the 
northern and western European countries the reduction is only 15%. By contrast, in southern 
European countries water abstraction increased by more than 15%, in particular due to 






Thallium (Tl) was discovered in 1861 by the English chemist William Crookes and metallic 
thallium was first prepared by the French scientist C. Lamy in 1862 (Peter and Viraraghavan, 
2005). This element owes its discovery and its name to the green line that it shows in spectral 
emission; thallium name comes from Greek and Latin, a word which is frequently employed 
to express the beautiful green tint of young vegetation. Thallium (Figures 4.1) has an atomic 
number of 81, an atomic mass of 204.37, and, on account of its density (11.83 g/cm3), is 
classified as a heavy metal. 
 
Figure 4.1, thallium position in Periodic Table of the Elements. In violet are alkali metals, in 
blue alkaline earth metals, in yellow transition metals, in light pink the lanthanid and actinid 
series, in green metals, in brown metalloids, in orange nonmetals, in grey halogens and in light 
blue noble gases. 
Some physical and chemical properties of thallium are reported in Table 4.1. 
Property Value 
Atomic number 81 
Ground state electronic configuration [Xe] 4f14 5d10 6s2 6p1 
Electronic affinity 20 
Melting point (K) 577 
Boiling point (K) 1746 
Density (g/cm3) 11.83 
Thermal conductivity at 300 K (W/mK) 46.1 
Ionic radius Tl(I) (Å) 1.47 
Ionic radius Tl(III) (Å) 0.95 
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Table 4.1, physical and chemical properties of thallium (Peter and 
Viraraghavan, 2005). 
Pure thallium is a soft, malleable, bluish-white metal (Figure 4.2). In its pure form, thallium 
is odorless and tasteless and it can also be found combined with others substances such as 
bromine, chlorine, fluorine, and iodine; when it combined, it appears colorless-to-white or 
yellow. 
 
Figure 4.2, image of thallium. 
4.2 Use of thallium (an overview) 
In the past, thallium was extensively used for medical purposes, for example it was given to 
children to produce hair loss in the treatment of ringworm of the scalp, and widely used in the 
treatment of venereal diseases, tubercolosis and malaria (Peter and Viraraghavan, 2005). 
Nowadays this element is mostly used in electronics industry, pharmaceutical industry, glass 
manufacturing and for infrared detectors. Thallium has been also used in a variety of industrial 
products like rat poison or insecticides; soluble thallium salts in fact are highly toxic and use 
of these compounds has been restricted in many countries (Nriagu, 1998). While being a 
highly toxic element, thallium has been studied to a much lesser degree than others toxic 
elements such as lead, cadmium or mercury. This is mainly because Tl is often undetected by 




4.3 Toxic effects 
The ecological importance of Tl derives from its high toxicity to living organisms, comparable 
to that of lead and mercury. 
Thallium has two states of oxidation: +1 (Tl(I)) and +3 (Tl(III)) (see section 4.4). Monovalent 
thallium has received much more attention than the trivalent one, but both forms are toxic to 
humans, plants and animals. The redox state likely affects Tl toxicity: some Authors suggest 
that Tl(III) cations are more toxic than Tl(I) ones for living organisms (Peter and 
Viraraghavan, 2005). The mechanism of monovalent thallium ion toxicity is quite well known 
and is related to the interference with potassium-dependent processes. In fact, in his oxidation 
state +1 thallium has a similar charge and ionic radius as the potassium ion (Tl+1=1.47 Å; 
K+1=1.33 Å; Deng et al., 2016), and some of its toxic effects may result from interference with 
the biological functions of potassium (Peter and Viraraghavan, 2005; Magdalena Jabłońska-
Czapla, 2015). 
Thallium is absorbed through the skin and gastrointestinal tract, and the highest concentrations 
after poisoning are in the kidney. Following the initial exposure, large amounts are excreted 
in urine during the first 24 h, but after that period excretion is slow and the feces may be an 
important route of excretion. The half-life in humans has been reported in the range of 1 to 30 
days and may be dose-dependent. Furthermore, thallium undergoes enterohepatic circulation 
(prussian blue, is the most commonly used antidote). There are numerous clinical reports of 
acute thallium poisoning in humans characterized by acute ascending paralysis, psychic 
disturbances and alopecia. The estimated acute lethal dose is 8 to 12 mg/kg body weight. In 
humans, fatty infiltration and necrosis of the liver, nephritis, gastroenteritis, pulmonary 
edema, degenerative changes in the adrenals, degeneration of the peripheral and central 
nervous system, alopecia, and in some cases death have been reported as a result of long-term 
systemic thallium intake; these cases usually are caused by the contamination of food or 
related to industrial exposures (Goyer and Clarkson, 1996). 
The greatest exposure occurs by eating food, mostly homegrown fruits and green vegetables 
contaminated by thallium; for this reason, food quality monitoring is very important at present 
(Peter and Viraraghavan, 2005). 
USEPA included thallium among those elements whose environmental and health risks are 
being reconsidered (Karlsson et al., 2006). 
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4.4 Thallium speciation and compounds 
Chemical speciation is a very important subject in the environmental protection, toxicology, 
and chemical analytics because the toxicity, availability, and reactivity of elements often 
depend on the chemical forms in which these elements occur. 
As already stated, thallium can be found in two oxidation states: +3 (Tl(III), thallic) and +1 
(Tl(I), thallous), and the redox potential of Tl(III)/Tl(I) is +1.26 V (Das et al., 2007); due to 
this high Eh Tl(I) should dominate in oxic waters (Casiot et al., 2011). The value of reduction 
potential is affected by pH and the presence of complexing agents; for example chlorides 
lower this value to +0.77 V, because of forming a strong complex like TlCl4
- (Krasnodębska-
Ostrega et al., 2013). From the chemical point of view monovalent thallium behaves like alkali 
metals such as K+, Rb+ and Ag+ in mining systems (Nielsen et al., 2011). Furthermore Tl(I) 
compared to Tl(III) is thermodynamically more stable and less reactive, features that make it 
the predominant form in environment (Krasnodębska-Ostrega et al. 2012). Tl(I) is soluble in 
a high pH range and in the redox-conditions commonly found in nature. In strong reducing 
environment thallium can precipitate as Tl2S, while in strong oxidizing environment Tl(I) can 
be oxidized to Tl(III). Oxidation of Tl(I) can also take place thanks to microorganisms activity, 
UV irradiation or sunlight exposure, and in presence of Mn(IV)-oxides (Casiot et al., 2011); 
in this case Mn(IV) is reduced to Mn(II), and Tl(III), produced by Tl(I) oxidation, forms Tl2O3 
(Petrini et al., 2016). Tl(III) can be also stabilized by hydrolysis and colloid formation or 
sorption to Fe(III)-colloids (Voegelin et al., 2015), through complexation by organic and 
inorganic substances, or by methylation with formation of dimethylthallium (Tl(CH3)2
+), 
species available in environment (Krasnodębska-Ostrega et al., 2012) and particularly 
detected in the Atlantic Ocean by Schedlbauer and Heumann, 1999. 
In the Eh/pH diagram for surface water (Figure 4.3), it is observed that thallium can exist in 
solution like free monovalent ion in a range of pH from 0 to 13 and a range of Eh from about 
-0.5 to 1.0 V, whereas at a pH greater than 13 and Eh values between about 0.25 and -0.5 volts 
Tl(I) can be found like Tl(OH). In oxidizing and strongly acid conditions thallium, in its 
trivalent form, forms TlCl2
+, whereas in strongly basic conditions (at a pH greater than 12) 
and Eh values between about 0 and 1.25 volts Tl(III) can be found like Tl(OH)4
-; also in the 
pH range of 3-12, remaining in oxidizing conditions, Tl(III) forms the strongly insoluble solid 
phase Tl(OH)3 (Davies et al., 2016). In a large pH range (from 0 to 14) and reducing conditions 
thallium forms Tl2OH(HS)3
--; in acid and redox condition (pH=0 and Eh=0.25 V), moving to 
more basic pH values (pH<10) and oxidizing condition (Eh=-0.25V) thallium, with hydrogen 
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and sulfur, forms the compound TlHS; finally in strongly reducing condition thallium forms 
Tl2S and Tl2(OH)2(HS)2, in a range of pH of 10-14 and 12-14 respectively. 
 
Figure 4.3, Eh/pH diagram for surface water system built with data from Baccatoio stream 
(PHREEQC). 
Figure 4.4 shows the Eh/pH diagram for drainage water system; it is similar to the previous 
diagram with the differences that the temperature is not more 12°C but 15°C, and in oxidizing 
conditions and a pH range of 3-12, Tl(III), instead of the insoluble solid phase Tl(OH)3, forms 




Figure 4.4, Eh/pH diagram for drainage water system built with data from Baccatoio stream 
(PHREEQC). 
4.5 Thallium in environment 
Thallium is quite common in the environment even though it usually occurs at trace levels. 
The average Tl concentration in the bulk silicate Earth is estimated to be 0.04 mg/kg, whereas 
the average content in the Earth’s crust varies between 0.3 and 3 mg/kg.  
In many regions the load of thallium on the Earth surface has increased as a result of 
atmospheric deposition from combustion of fossil fuels, notably coal and industrial emission. 
Locally effluents from mining and mine wastes have contributed to increase loading 
(Karlsson, 2006). For example concentrations up to 534 μg/l were measured in acid mine 
drainage from an abandoned Pb-Zn mine in the south of France (Casiot et al.,2011). 
USEPA sets maximum contaminant levels (MCLs) of thallium at 2 μg/l in drinking water and 
140 μg/l in waste water. Also, the maximum admissible level of thallium in agricultural soil 
is 1000 μg/kg dry weight (Deng et al., 2016). In Europe there isn’t a MCL of thallium in 
drinking water and it is used the value of USEPA of 2 μg/l as reference. In Italy MCL in 
drinking water is not set, although it’s set at 1 μg/l in waste water (D.Lgs. 31/2001), 2 μg/l in 
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underground water (D.Lgs. 152/2006), 1 mg/kg in soils to residential use and 10 mg/kg in 
soils to industrial use (D.Lgs. 152/2006). 
4.6 Thallium in waters and soils 
As already stated, thallium in natural waters occurs almost exclusively as monovalent thallous 
cation, Tl(I), because in this form it is more stable. Tl(I) is also considered the most 
geochemically- and bio-active form of the element in the aquatic ecosystem (Turner et al., 
2010) as well as the preferential form for transportation in the environment (Williams-Beam 
and Twidwell, 2003). What ensures that monovalent thallium enters in waters is the 
dissolution of particulates like Tl2O, TlOH and Tl2SO4, and dissolution of minerals such as 
pyrite and jarosite that can present thallium in their structures. It has been calculated that Tl(I) 
is present as free ion in freshwater solution, at concentrations of 5-10 ng/l, and like TlCl in 
seawater (Casiot et al.,2011). 
Lin and Nriagu, 1999 have found that in the Great Lakes region of North America, thallium 
concentrations are elevated and its dominant form is Tl(III), which comprised 68% of the total 
dissolved thallium, contrary to thermodynamic predictions that Tl(I) is favoured in natural 
waters (Lin and Nriagu, 1999). Also in seawater most of thallium is in the Tl(III) form (about 
80%); that forms anion complexes with Cl- or OH- (Casiot et al., 2011). Particularly some 
studies have demonstrated that the concentration of thallium in the ocean is in the range of 2 
and 20 ng/l (Gao et al., 2007). 
A source of high concentrations of thallium may be also related to acid mine drainages 
(AMD), particularly in heavy metal sulfide bearing deposits (Williams-Beam and Twidwell, 
2003). 
As regards the presence of thallium in soils, its concentration is usually in the range 0.02-
2.8 mg/kg, depending on the geological bedrock composition, even if these values can be 
largely exceeded due to anthropogenic inputs (Nriagu, 1998). In several cases concentrations 
of Tl more than 2.8 mg/kg have been observed. Those soils are generally developed on K-rich 
magmatites, such as granites and syenites, where Tl(I) substitutes K+ or Rb+ especially in K-
feldspars and micas (Vanĕk et al., 2010). Some examples of anomalous concentrations of 
thallium in soils are: 55 mg/kg in clayey soils developed on Sinemurian limestone in France; 
15 mg/kg and up to 73 mg/kg in soils near cement plants and near old mines respectively, in 
Germany; and 61 mg/kg in mine tailings- impacted soils in China (Jacobson et al., 2005). 
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For 840 topsoils across Europe it has been also found an average concentration of thallium of 
0.66 mg/kg, and elevated geogenic concentrations of this element can be found in soils 
developed from K-rich rocks or rocks hosting metal sulfide mineralizations (Voegelin et al., 
2015). 
In hydrothermal systems, thallium is bound to sulphides such as pyrite, sphalerite, or 
marcasite. Weathering of these sulphides leads to thallium dispersion in sedimentary rocks as 
well as in iron and manganese hydroxides and organic matter, including coals (Lis et al., 
2003). Tl(I) seems not to be strongly complexed by humic acids in soils; this implies that we 
can find thallium in pore waters and plants because of its bio-availability and mobility from 
soils (Petrini et al., 2016). In fact elevated concentrations of thallium are generally found in 
plants growing in areas polluted with Tl and in soils of naturally high Tl content; especially 
plants belonging to Brassicaceae family, such as rape or kale, able to cumulate extremely high 
amounts of thallium in their tissues (hyperaccumulation) (Vanĕk et al., 2010; Krasnodębska-
Ostrega et al., 2012). 
4.7 Minerals 
Thallium content is highly variable among geological materials (Karlsson, 2006); this element 
can be hosted in the structure of some minerals, like galena, sphalerite and pyrite, in 
concentrations of up to several tens of μg/g (Twidwell and Williams-Beam, 2002). Thallium 
can be also hosted in jarosite, AFe3(SO4)2(OH)6, where A sites are occupied by monovalent 
and divalent cations, like K+ and Pb+ respectively; particularly Tl is extensively incorporated 
into K-jarosite (Smeaton et al., 2012). 
Some examples of thallium minerals are given below. 
Arsiccioite (AgHg2TlAs2S6), was discovered in the baryte-pyrite-iron oxide ore deposit 
exploited at the Monte Arsiccio mine, near Sant’Anna di Stazzema (Apuan Alps, Tuscany, 
Italy). The mineral is red, with a metallic to sub-metallic lustre and a density of 5.989 g/cm3. 




Figure 4.5, Arsiccioite, Monte Arsiccio Mine, Sant’Anna di Stazzema, Italy 
(www.mindat.org). 
Carlinite, Tl2S, was discovered at the Carlin deposit, northern Eureka County, in Nevada. It 
can be found as small grains in brecciated fragments of carbonaceous limestone, as a result of 
epithermal mineralisation. This mineral is essentially pure Tl2S containing 92.93 weight 
percent Tl and 7.17 weight percent S by microprobe analysis; the most abundant trace element 
is As at less than 100 ppm. 
Carlinite is grey and sectile, with a metallic lustre, a density of 8.1 g/cm3, irregular fractures 
and dark grey to black streak. It has also the highest solubility in aqueous solution of any 
naturally occurring heavy metal sulfide (215 ppm Tl2S at 20°C and 1 bar) (Radtke and 
Dickson, 1975).  
Avicennite, Tl2O3, was first found in U.S.S.R., where it occurs as tiny black cubic crystals 
associated with hematite and calcite, and was also discovered in oxidized gold ores from the 
Carlin mine, Nevada, during investigations of epithermal gold deposits of the Western United 
States. It can be also found in China, Greenland, Switzerland, Uzbekistan and in USA. 
Avicennite can be formed by the oxidation of carlinite, Tl2S, and its grains closely resemble 
carlinite in size and shape. Avicennite is nearly pure T12O3, containing 89.6 weight percent 
Tl and 10.5 weight percent O by microprobe analysis; other elements present are: Pb, Ca, Si, 
Al, Fe, Mg, Ag, Cr, Cu, Ni and Ti (all <50 ppm). 
This mineral has a greyish black colour with brownish black tint, a metallic lustre and a density 
of 8.9 g/cm3. It presents an irregular and conchoidal fracture, greyish black streak and is very 




Figure 4.6, Avicennite, Nakalak Mt, Taseq area, Greenland, (www.mindat.org). 
Boscardinite, TlPb4(Sb7As2)S18, was discovered in the barite-pyrite-iron oxides deposit of 
Monte Arsiccio, near Sant’Anna di Stazzema, in the Apuan Alps (Tuscany, Italy). It can be 
also found in Provence-Alpes-Côte d’Azur, France. This mineral is brittle, occurs as a 
millimeter-sized lead-grey mass with a metallic lustre, a density of 5.355 g/cm3, conchoidal 
fractures and black streak (Orlandi et al., 2012; www.mindat.org). 
 
Figure 4.7, Boscardinite, Monte Arsiccio Mine, Sant’Anna di Stazzema, Italy, 
(www.mindat.org). 
Christite, TlHgAsS3, is one member of a group of primary Tl-bearing minerals of 
hydrothermal origin found at the Carlin gold deposit. It can be also found in China, Iran, 
Republic of Macedonia and Nevada. This mineral containing Tl 35.2, Hg 35.1, As 13.1 and S 
16.6 weight percent by microprobe analysis. 
Christite is bright orange to deep red or crimson, with an adamantine lustre, a density of 6.2 
g/cm3 and bright orange streak (Radtke et al., 1977; www.mindat.org). 
Crookesite, Cu7(Tl,Ag)Se4, can be found in Argentina, Armenia, Canada, China, Czech 
Republic, Germany, Sweden and Switzerland. It’s lead grey and brittle, with a metallic lustre 




Figure 4.8, Crookesite, Skrikerum Mine, Valdemarsvik, Sweden, (www.mindat.org). 
Lorandite, TlAsS2, can be found in China, Iran, Republic of Macedonia, Russia, Switzerland 
and USA. This mineral is cochineal-red to carmine-red and elastic, often dark lead-grey on 
the surface and frequently coated by an ochre-yellow powder; has an adamantine-metallic 
lustre, a density of 5.53 g/cm3 and cherry-red streak (www.mindat.org). 
 
Figure 4.9, Lorandite, Crven Dol Mine, Allchar, Republic of Macedonia, (www.mindat.org). 
Protochabourneite, Tl2Pb(Sb9-8As1-2)Σ10S17, has been discovered in the barite-pyrite-iron oxide 
ore deposit exploited at the Monte Arsiccio mine, near Sant’Anna di Stazzema in the Apuan 
Alps (Tuscany, Italy). This mineral is black and brittle, with a metallic lustre, conchoidal 
fracture and black streak (Orlandi et al., 2013). 
 
Figure 4.10, Protochabourneite, Sant’Olga tunnel, Monte Arsiccio Mine, Sant’Anna di 
Stazzema, Italy, (www.mindat.org). 
Routhierite, Tl(Cu,Ag)(Hg,Zn)2(As,Sb)2S6, was identified in the barite-pyrite-iron oxide ore 
deposit exploited at the Monte Arsiccio mine, near Sant’Anna di Stazzema in the Apuan Alps 
(Tuscany, Italy) and it can be also found in Canada, France, Republic of Macedonia, Russia 
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and Switzerland. This mineral occurs as anhedral grains up to 0.5 mm in size, has a violet-red 
colour, an adamantine lustre and an orange-reddish streak (Biagioni et al., 2014; 
www.mindat.org). 
 
Figure 4.11, Routhierite, Jan Roux, La Chapelle-en-Valgaudemar, France, 
(www.mindat.org). 
Weissbergite, TlSbS2, can be found in Republic of Macedonia, Switzerland and USA. 
It’s steel-grey and brittle, with a metallic lustre, a density of 5.79 g/cm3 and dark grey streak 
(www.mindat.org). 
 





5. Geographical and geological framework 
5.1 Geographical framework 
The study area is located in the northwestern Tuscany, between the southern sector of the 
Apuan Alps and the Ligurian Sea, and includes the municipalities of Pietrasanta, Stazzema 
and Camaiore (Figure 5.1). Historically, this area falls in the mountainous part of Versilia, a 
region located between Marina di Massa to the North, the Massaciuccoli Lake to the South 
and the Apuan Alps to the East. 
 
Figure 5.1, geographical location of the study area (modified from Google Maps). 
The investigated area corresponds to the Baccatoio stream catchment, roughly 
northeast/southwest oriented, characterized by reliefs such as the Mount Gabberi (1109 m 
a.s.l.) and Mount Lieto (1050 m a.s.l.), and covering a surface of about 27.6 km2, between the 
Versilia river (northeast) and the Camaiore stream (southeast). Main tributaries of the 
Baccatoio stream in the study area are Fosso delle Piastre and Fosso del Fondo 
(www.regione.toscana .it). 
The Baccatoio stream flows for about 11 km from the mountain area to the coastline, crossing 
the Valdicastello Carducci village in the Pietrasanta municipality. In its upper course, the 





Figure 5.2, landscape of the area of study from the sea with Baccatoio stream in blue, 
(modified from Google Earth). 
5.2 Geological framework 
In the study area, the deeper metamorphic structures of the northern Apennine chain crop out 
through a tectonic window, from the lowermost Tuscan Metamorphic units, representing the 
Alpi Apuane Metamorphic Complex (AAMC), to the overlaying un-metamorphic Tuscan 
Nappe and the Ligurian Units, structurally more high (Conti et al., 2012). AAMC consists of 
two tectonic units: the Apuan Alps Unit (“Autoctono” Auct.) and the overlying Massa Unit, 
both tectonically overlapped by the Tuscan Nappe. The Ottone Unit, belonging to the tectonic 
Ligurian Unit, overlies the Tuscan Nappe (Giannecchini et al., 2016; Aquè et al., 2002; Molli 
and Meccheri, 2000). Hence, in the study area, from top to bottom, the sequence is: the un-
metamorphic Ottone Unit, the un-metamorphic Tuscan Nappe, and the two metamorphic 
tectonic units of Massa and Apuan Alps (Conti et al., 2012). 
Ottone Unit: also known as Ottone-St. Stefano Unit, it is one of the different units of 
Helminthoid Flysch that characterize the External Ligurian Units (Liguride Domaine) and is 
made of marly-calcareous turbidites from Upper Cretaceous (Giannecchini et al.,2016). 
Tuscan Nappe: this unit represents the Tuscan Domain’s non-metamorphic unit. The oldest 
formation of the Tuscan Nappe is the Calcare Cavernoso (CCA), made by limestones, 
dolostones and dolomitic limestones, associated with breccias consisting principally of 
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dolomitic elements. CCA is in tectonic contact with Massa and Apuan Alps units; at the top, 
it is in stratigraphic contact with the Rhaetavicula contorta Limestones Formation (RET) 
(Conti et al., 2012). RET is made up by well stratified dark-gray limestones with individual 
layers of variable thickness from about 10 cm to few meters (Giannecchini et al., 2016). 
Between the Calcare Cavernoso and the Rhaetavicula contorta Limestones formations there 
is a layer of tectonic breccias and cataclasites with limestones, dolomites and marl elements 
in carbonate matrix. 
In the area of study Tuscan Nappe is incomplete; in addition to CCA and RET, there are light 
limestones, as Massiccio Limestone (MAS), and sandstones, as Macigno (MAC) 
(Giannecchini et al., 2016). 
Massa Unit: it consists of Hercynian basement made up by metasediments and acid 
metavulcanites affected by low grade metamorphism and by a post-hercynian cover built by 
terrigenous and carbonate deposits with subordinated basic vulcanites, also affected by 
metamorphism (Conti et al., 2012). In the study area, the Massa Unit is represented only by 
the Monte Folgorito Formation (SRT) and is characterized by an alternation of 
metasandstones and metapelites with intercalated lenses of metaconglomerates with gravel of 
quartz between few millimeters to few centimeters in size (Giannecchini et al., 2016). 
Apuan Alps Unit: also named Autoctono Unit in the past, this unit represents a Paleozoic 
schistose-phyllitic basement overlaid with a carbonate sedimentary sequence. From bottom to 
the top, it includes: Lower Phyllites (FAF); Porphyroids and Porphyritic Schists (PRS); Vinca 
Formation (VIN); Grezzoni (GRE); Apuan Marbles (MAA); Metalimestones with flint (CLF); 
Sericitici schists (SSR); and Pseudomacigno (PSM) (Conti et al., 2012). 
FAF includes dark-grey and greenish grey quartzitic-muscovitic phyllites alternated with 
layers of light-grey quartzites. The PRS is made up by light-grey and light-green quartzites 
and quartzitic phyllites with a yellowish patina of alteration, crystals of quartz and K-feldspar 
surrounded by a quartzitic-sericitic or cloritic schistose matrix. VIN is divided into three 
different lithofacies represented, from the bottom to the top, by metaconglomerates, 
alternation of dolomites, phyllites and metaconglomerates, and Retignano Limestones. GRE 
includes dolomites and dolomitic massive limestones with a clear stratification. MAA is made 
of white, grey and veined marbles, with granoblastic structure. CLF includes dark-gray/light-
gray micritic metalimestones, with lenses and layers of quartzites. SSR presents phyllites and 
green metasiltstones, locally purplish red and grey, sometimes with carbonatic component. 
Finally, PSM consists of grey metasandstones, with particle size from thin to medium-coarse 
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and variable thickness, with quartz and micaceo-feldspatic composition, and alternated by 
metasiltites and phyllites (Conti et al., 2012). 
 
Figure 5.3, a) Geological sketch map of Apuan Alps; b) Simplified stratigraphic successions of 
the Tuscan nappe and of Alpi Apuane metamorphic core (Fellin et al., 2007). 
5.2.1 Tectonic evolution of Apuan Alps 
Apuan Alps, during their evolution, were interested by two main deformational events: a stage 
of shortening (D1) and some stages of extension (D2). 
D1 isoclinal folding, linked with underthrusting and nappe emplacement, is overprinted by 
later isoclinal NE-facing folds and contemporaneous shear deformation (Conti et al. 2006). 
To this phase belongs the structuring of the Apuane Metamorphic Complex. During the 
second deformation phase D2, the structures developed during the D1 phase were deformed 
and progressively exhumed in metamorphic retrograde conditions, with development of 
recumbent to upright folding, low-angle normal faulting and finally high angle brittle faulting 
(Conti et al. 2006). Radiometric investigations (K-Ar and Ar-Ar) date the early deformation 
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phases of D1 between 27 and 20 Ma, while the early stages of D2 between 11 and 8 Ma 
(Carmignani et al., 2007). 
5.2.2 Geology of Baccatoio stream basin 
The Baccatoio stream flows across S. Anna tectonic window, formed at the core by the 
metamorphic rocks of Apuan Alps Unit, surrounded by the un-metamorphic rocks of the 
Tuscan Nappe (Figure 5.4). 
 
Figure 5.4, Structural-geological map of the Baccatoio stream catchment (Cinquini I. and Molli G. 
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Ottone Flysch (OTO), limestone and marly dark green limestone well stratified, 
related to levels of silty marl, argillites, fine sandstone and siltstones. 
Campanian - Maastrichtian 
Tuscan Nappe 
 
Macigno (MAC), turbidite quartz – feldspatic – micaceous sandstoneswith 
siltstones levels. Upper Oligocene – lower Miocene 
 Selcifero limestone (LIM), Calcilutites well stratified with layers and nodules 
of flint. Upper Dogger – lower Malm 
 Massiccio limestone (MAS), white-grey micritic limestone. Lower Lias 
 
Rhaetavicula Contorta limestone (RET), dark-grey limestone, dolomitic 
limestone and dolomite roughly stratified. Retico 
 Cataclasites to limestone elements (GRP), tectonic breccias with limestone, 
marl and dolomite elements in carbonate matrix. Limestone protolite of 
Rhaetavicula Contorta. Retico 
 
Calcare Cavernoso (CCA), Cataclasites and tectonic breccias compounds of 
grey limestones and dolostones, with cellar structures; breccias with prevalent 
dolomitic elements fliable and wordery. 
 Cataclasites with metamorphic clasts (GRO), tectonic breccias matrix supported 
(GROa) and clast supported (GROb) with marble items, metalimestones, 
dolomitic metalimestones and phyllites of various dimension from centimetric 
to metric with cement or carbonatic matrix. 
Massa Unit 
 Formation of Monte Folgorito (SRT) 
alternation of metasandstones and metapelites in which are interleaved lens of 
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alternated to phyllites. Upper Oligocene – lower Miocene 
 Sericitici schists (SSR), Green and reddish phyllites, alternate with shists and 
marble levels. Upper Cretaceous – lower Oligocene 
 Marbles (MAA), white and grey marbles, breccias with interleaved dolomitic 
marbles. Ivory marbles and breccias with layer and nodules of flint(MRZ). 
Hettangian 
 Grezzoni (GRE), Grey and dark grey dolomite massive or in metric or 
plurimetric layers. Noricum 
 Porphyroids (PRS), Metavulcanic, metaarkose, quartzites and phyllites. Middle 
Ordovician 
 Lower Phyllites (FAF), Alternation of quartzites, phyllites and matesandstones. 
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Geological map legend (Cinquini I. and Molli G. in Giannecchini et al. 2016). 
The hydrogeological structure of the Baccatoio stream catchment consists of two 
hydrogeological carbonate complexes, made up by aquifers generally contained in carbonate 
lithotypes characterized by high permeability. The first hydrogeological complex consists of 
the carbonate metasedimentary succession of the Apuan Unit, with predominance of Grezzoni 
and Marbles, and its impermeable substratum are the Lower Phyllites and Porphyroids. It is 
situated at the core of the Sant’Anna tectonic window and is involved in substantial 
groundwater supplies, as confirmed by the Molini di Sant’Anna and La Vite springs. The 
second one is within the Tuscan Nappe formations, in particular: Calcare Cavernoso and 
associated polygenic tectonic breccias, Cataclasites with metamorphic clasts, Rhaetavicula 
contorta Limestones and underlying Cataclasites of limestones elements. This complex 
presents an impermeable or limited permeability substratum made by the phyllitic and sericitic 
elements of the metamorphic tectonic units. In the Baccatoio stream catchment, there is also 
a third kind of aquifer, represented by alluvial deposits of valley floor that develop along the 
Valdicastello Carducci village, on the lower-middle sector of the basin, and flows mostly 




5.2.3 Mineralizations in the study area 
In southern Apuan Alps, many mineralized bodies occur, that have been worked 
discontinuously for a century. 
There are two main interpretations about the origin of the mineralization. Carmignani et al. 
(1975) support the idea that the mineralization is linked to a sin-tectonic thermal event; 
according to this hypothesis, ore bodies were emplaced during the early tectonic phase that 
precedes the stacking of the current structure of the Apuan Alps. On the other hand, Ciarapica 
et al. (1985) assert that mineralizations have been put in place during the Triassic and that the 
orogenic events only dislocated, metamorphosed and mobilized pre-existing deposits. 
It is possible to distinguish four different mineralization types, as follows. 
Pb-Zn (-Ag) mineralizations. This type of mineralization mainly characterizes Bottino, La 
Rocca, Gallena and Argentiera di Sant’Anna (Stazzema) mines. Mineralization consists of 
tabular bodies within the Paleozoic rocks of the metamorphic basement (Lower Phyllites, 
Porphyroids and porphyritic schists of Autoctono Auctt. Unit). The most abundant minerals 
are galena and sphalerite, associated with chalcopyrite and salt sulphates of Pb and Sb. In 
some cases, e.g. in the area of Argentiera di Sant’Anna, ores bodies are associated with barite, 
pyrite and iron oxides (Giannecchini et al., 2015). 
Barite, pyrite and iron oxides mineralizations. These deposits extend for about 10 km in the 
SW-NE direction, from the village of Valdicastello Carducci to Fornovolasco. The mainly 
mines are: Pollone, Monte Arsiccio, Canale della Radice, Buca della Vena and Trimpello-
Fornovolasco. The mineralization is mostly made up by barite, pyrite, magnetite and hematite, 
associated with sulfides and sulfosalts of Pb, Zn, Sb, Tl, As and Hg. These mineralizations 
seem to be in a spatial relationship with Pb-Zn (-Ag), like in Argentiera di Sant’Anna and in 
Pollone mines (Giannecchini et al., 2015). 
Cu (-Au) mineralizations. The main mineralized bodies outcrop in the Sant’Anna tectonic 
window, in Buca dell’Angina mine. The mineralization is formed by veins of barite and 
fluorite with associated tetrahedrite (Giannecchini et al., 2015). 
Hg mineralizations. This type of mineralization characterizes Ripa (Seravezza) and Levigliani 
(Stazzema) mines. The mineralization is of cinnabar which may have associated native Hg. 




5.2.4 Mines in the Baccatoio stream catchment 
In the Baccatoio stream catchment there are four major mine sites (Figure 5.5), as described 
below. 
 
Figure 5.5, simplified geological map with the major mine sites: (1) Pollone; (2) Buca 
dell’Angina; (3) Monte Arsiccio; (4) Argentiera di Sant’Anna (D’Orazio et al., 2016). 
Monte Arsiccio mine (Stazzema). Located in the northern part of the Baccatoio stream basin, 
this mine site belongs to the barite, pyrite and iron oxides deposits. Ore bodies have tubular 
and lenses forms and are hosted within the Lower Phyllites and the overlying Grezzoni 
Formation of the Apuan Alps Unit. The Monte Arsiccio mine contains a thallium-rich 
mineralization, with thallium sulfosalts with macroscopic sizes and levels up to 19% by 
weight and thallium-rich pyrite (Giannecchini et al., 2015). Here two new sulfosalts are 
discovered: boscardinite and protochabournéite (Biagioni et al. 2014). 
Pollone mine. The mine is located upstream of Valdicastello village, in the southern sector of 
the Sant’Anna tectonic window, to the North of the confluence of the Baccatoio Stream with 
Fosso del Fondo. The major mineralization, which is hosted into phyllites and quarzites of the 
Paleozoic basement, is made by barite and pyrite, with secondary sulphates and sulfosalts. 
Also in this case, the ore bodies are characterised by high levels of thallium in pyrites, 
associated with Sb, Pb and As.  
Argentiera’s mine. The mine site is located just outside the Sant’Anna tectonic window, on 
the southern slopes of Mt. Rocca and Mt. Ornato. The ore bodies consist of two different 
mineralization types: tubular bodies of galena, sphalerite and sulfosalts of Pb and Sb, of small 
size, in Lower Phyllites, and lentiform bodies of pyrite, magnetite and hematite, larger and 
located in contact between Lower Phyllites and carbonate rocks (Giannecchini et al., 2015). 
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Buca dell’Angina mine (Stazzema). This mine is located along the Baccatoio stream, upstream 
the confluence with Fosso delle Piastre. It was used mainly for Cu and Au extraction. The 
mineralization completely develops into the Grezzoni Formation and consists of barite veins, 




6. Material and methods 
6.1 Sampling 
Water samples were collected during 2016 surveys. Samples were withdrawn from spring, 
pore water, puddle, surface water and mine drainage (Table 6.1). 
Sample name Sample location Typology Coordinates (UTM) 
Altitude 
(m) 
 Northing Easting  
VDOLG Sant’Olga tunnel 
Puddle located 
in the tunnel 
4869479 603092 524 
VTOLG 
Stream in front of 
Sant’Olga tunnel 
Surface water 4869494 603091 524 
VDSRM 
Ribasso S. Erasmo 
tunnel 
Drainage 4869506 602943 482 
VTMSA 
Stream upstream of 
confluence with 
Mulini di Sant’Anna 
Surface water 4869022 602338 305 
VSMSA Mulini di Sant’Anna Spring 4868965 602402 312 
VTPPT 
Bridge downstream 
of Mulini spring 
Surface water 4868936 602328 290 







4865052 599376 2 
Table 6.1, sample’s name, location and typology for each station and coordinates and altitude 
for the localization. 
All the samples in Table 6.1 represent water samples; in the VTOLG, VTMSA and VSMSA 
stations, sediments were also collected. In particular, at VSMSA two kinds of sediment 





The location of the sampling stations is shown in Figure 6.1. 
 
Figure 6.1, samples location along the Baccatoio stream; in red: superficial waters, in green: 
drainages, in blue: springs. 
Further upstream sampling stations are VTOLG (Figure 6.2 a) and VDOLG (Figure 6.2 b), 
respectively located immediately outside and inside Sant’Olga tunnel. 
 
Figure 6.2, a) VTOLG, surface water collected outside the Sant’Olga tunnel (Monte Arsiccio); 
b) VDOLG, inside the Sant’Olga tunnel. 





Figure 6.3, VDSRM, drainage water near the Ribasso Sant’Erasmo tunnel. 
The VSMSA (Figure 6.4 a) sample represents the water from the Mulini di Sant’Anna spring, 
that enter into Baccatoio stream as a tributary; VTMSA (Figure 6.4 b) and VTPPT (Figure 6.4 
c) were taken along Baccatoio stream respectively upstream and downstream of the 
confluence with Mulini di Sant’Anna spring. 
 
Figure 6.4, a) VSMSA, Mulini di Sant’Anna spring with the water collection pool; b) 
VTMSA, in Baccatoio stream, upstream the confluence with Mulini di Sant’Anna; c) 
VTPPT, in the Baccatoio stream, downstream the confluence. 
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The sampling station VDRPO was in the Ribasso tunnel, inside the Pollone mining area 
(Figure 6.5). 
 
Figure 6.5, VDRPO, Ribasso tunnel. 
The sampling station VTINC is located along the Baccatoio stream nearby the Pollino 
Incinerator (Figure 6.6), and represents pore water extracted from the riverbed by a lysimeter. 
 
Figure 6.6, VTINC, in the Baccatoio stream near the Incinerator of Pollino. 
Water samples were stored in pre-conditioned high-density polyethylene vials; samples were 
filtered by using nylon filters at 0.22 m for major cation and trace element analysis, and 
stabilized with ultrapure HNO3 to pH less than 1.5. No acid was added to the filtered samples 
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for major anion analysis. Sediments were collected by using a spatula and put into plastic 
bags. 
The physicochemical parameters of waters (pH, dissolved oxygen concentration DO, 
temperature, electrical conductivity EC and redox potential) were measured in the field. pH 
and dissolved O2 were measured with HACH HQ40d multiparameter Meter. The accuracy of 
the measurements are ± 0.002 pH units for pH, ± 0.1 mV for redox potential, ± 0,5% for 
electrical conductivity, and the precision of dissolved oxygen concentration is 0.01 mg/l. 
Water samples were collected in triplicate and, for thallium redox speciation analysis, each 
aliquot was first filtered using 0.22 μm pore size filters. Then filtrates were processed in field 
in 100 mmol/l ammonium acetate (AA) and 5 mmol/l diethylenetriaminepentaacetic acid 
(DTPA). Ammonium acetate is generally used for Tl species preservation to fix the pH at 6.2 
because DTPA is in the protonated (acid) form and would challenge the pH of the solution 
into which it is added. DTPA, instead, is a complexing agent that forms a strong complex 
Tl(DTPA)2- with Tl(III), enabling stabilization of this species in solution (Nolan et al., 2004; 
Karlsson et al., 2006) and limit the reduction of Tl(III) into Tl(I). Because Tl(III)-DTPA is 
stronger than other Tl(III) complexes, there is a complexation shift when DTPA is added and 
the analysis will detect all Tl(III) species in the form of Tl(III)-DTPA. Furthermore, DTPA 
also chelated Fe, avoiding possible loss of Tl by adsorption onto Fe oxyhydroxides, which 
might precipitate at the head of the chromatographic column or during storage (Casiot et al., 
2011). VDRSM, VDOLG, VDRPO, VTOLG and VTMSA samples, which contained Fe 
concentrations ≥22 mg/l, only 1 ml of sample aliquot was added with 1 ml of preservative 
solution containing a mixture of 1 mol/l ammonium acetate and 50 mmol/l DTPA, and the 
mixture was completed to 10 ml with deionized water. Instead, for VTPPT, VTINC and 
VSMSA samples, which contained Fe concentrations ≤1 mg/l, 1 ml of preservative solution 
was added to 9 ml of samples aliquot. 
The stability of Tl(I) and Tl(III) species during storage prior to analysis was checked by adding 
the first aliquot of each sample with 100 μl of a solution of Tl(I) at 100 ppm, the second one 
with 100 μl of a solution containing Tl(III) at 100 ppm, while the third aliquot was not added 























VDOLG 05/04/2016 / 11.9 13.4 1.97 / 15490 4.95 52.0 
VTOLG 05/04/2016 / 11.9 13.4 2.80 0.86 2710 10.75 104.3 
VDSRM 05/04/2016 0.44 12.1 16.0 2.12 0.73 8250 5.32 53.1 
VTMSA 06/04/2016 / 13.7 17.0 3.33 0.82 929 9.37 95.0 
VSMSA 06/04/2016 / 12.9 16.1 7.50 / 366 9.71 94.8 
VTPPT 06/04/2016 / 13.0 17.0 7.21 0.63 426 9.85 96.0 
VDRPO 05/04/2016 0.44 12.5 12.6 2.11 0.79 5660 4.70 44.0 
VTINC 05/04/2016 / / / 7.85 / 713 / / 
Table 6.2, sampling stations with time of sampling and physico-chemical parameters measured. Ec 
of VDOLG is an approximative value because of the different instrument calibration. 
6.2 Laboratory analysis 
Analysis to evaluate concentrations of major ions, of trace elements, of total concentration of 
thallium and its speciation, were made at the Hydro Sciences Laboratory of CNRS of 
Montpellier (France), at the Institute for Chemistry of OrganoMetallic Compounds (CNR) of 
Pisa and at the Department of Earth Science of Pisa University. 
6.2.1 Ion chromatography for major ions analysis 
The ion chromatography (IC) is an analytical procedure based on the principle of partitioning 
of the different ions between two different chemical phases, a mobile and a stationary phase. 
Particularly, a given chemical species that flows through a stationary phase by a mobile phase, 
called eluent, is partitioned among the two phases depending on its affinity with one rather 
than the other. IC provides use of a stationary phase, solid or liquid, inserted into a 
chromatographic column, through which the eluent flows. More specifically, in the case of 
the ion exchange chromatography, stationary phase shows positively or negatively charged 
groups, which are exchanged with ionic components of the solute (cation or anion exchange). 
This type of chromatography is affected by mobile phase pH, because net charge of molecules 
which have to be separated is affected by pH of solvent in which molecule is dissolved. 
For analyses, it has been used the Thermo Scientific Dionex™ ICS-900 Ion Chromatography 
System (Dionex ICS-900) (Figure 6.7) of the Department of Earth Science of Pisa University; 
it performs isocratic ion analyses using suppressed conductivity detection. The Dionex ICS-
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900 is an integrated ion chromatography system consisting principally of a pump, an injection 
valve, and a conductivity cell. 
 
Figure 6.7, Thermo Scientific Dionex ICS-900 Ion Chromatography System. 
The flow-through heated conductivity cell (1) measures the electrical conductance of analyte 
ions as they pass through the cell. A heat exchanger inside the cell regulates the temperature 
to 40°C. The suppressor (2) reduces the eluent conductivity and enhances the conductivity of 
the sample ions, thereby increasing detection sensitivity. Both the separator (3) and guard 
columns (8) are packed with resin and perform the separation of the sample ions. The main 
function of the guard column is to trap contaminants and remove particulates that might 
damage the column. The pressure transducer (5) measures the system backpressure. The 
Dionex ICS-900 includes a dual-piston serial pump (4). The flow rate can be set from 0.01 
ml/min to 5.00 ml/min. The injection valve (6) is a six-port, electrically-activated valve. The 
tubing chase (7) routes tubing from the component panel, through the Dionex ICS-900 
interior, to the rear panel. 
Analyses were done with two different chromatographs (both Dionex ICS-900), one setted for 
anions analysis and a second one for cations analysis. The instrument for anions analysis was 
equipped with a Thermo Fisher Dionex Ion Pac AS23 RFIC™ column and Dionex AERS 500 
4 mm suppressor; for cations analysis the instrument was equipped with a Dionex Ion Pac 
CS12A column and a Dionex CMMS 300 mm suppressor. Eluents are: a solution of sodium 
carbonate 4.5 mM and sodium bicarbonate 0.8 mM (NaCO3+NaHCO3), and methanesulfonic 
acid (CH3SO3H) 20mM, respectively for anions and cations analysis. 
A set of calibration standards (Table 6.3) at different concentrations were prepared. 
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For anions analysis F- Cl- NO3- PO43- SO42- 
STD 1 0.2 0.3 1.0 1.5 1.5 
STD 2 0.4 0.6 2.0 3.0 3.0 
STD 3 1.0 1.5 5.0 7.5 7.5 
STD 4 5.0 7.5 25.0 37.5 37.5 
STD 5 10.0 15.0 50.0 75.0 75.0 
For cations analysis Na K Mg Ca  
STD 1 1.0 0.2 2.0 5.0  
STD 2 2.0 0.4 4.0 10.0  
STD 3 5.0 1.0 10.0 25.0  
STD 4 10.0 2.0 20.0 50.0  
Table 6.3, anions and cations standards used for analysis by IC; all values are 
in mg/l. 
6.2.2 Inductively coupled plasma mass spectrometry (ICP-MS) 
Inductively coupled plasma mass spectrometry (ICP-MS) is a quantitative and qualitative 
analysis technique; it allows to determinate the concentration of metals in the sample, with a 
sensitivity of one part of billion (ppb). 
This technique is based on the use of a plasma torch (ICP, Inductively Coupled Plasma), 
needed to produce atoms ionization of samples’ elements, and of a mass spectrometer (MS), 
to separate and detect ions produced. 
The instrument is made of essentially four components: a plasma torch as ionization chamber, 
an ion collimation system, a quadrupole as analyzer or mass filter, and a detector (Figure 6.7). 
 
Figure 6.7, schematic diagram of typical ICP-MS instrument showing the main components. 
The torch in which the plasma is generated (Figure 6.8) consists of three concentric tubes of 
silica; each annular region formed by the tubes is supplied with gas by a side tube entering 
tangentially so that it creates a vorticular flow. Plasma is an electrically neutral gas that shows 
a certain percentage of ionization (about 5%), high temperature (of the order of 10000 K), 
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high ionic and electrical density, and is produced by an argon flow. What keeps analytical 
plasma is a magnetic field generated by a magnetic induction coil that envelops the torch and 
is powered by alternating electric current. 
 
Figure 6.8, schematic of ICP torch. 
The ICP requires any sample to be introduced into the central channel gas flow as a gas, 
vapour or aerosol of fine droplets or solid particles. Sample is nebulized into a nebulization 
chamber; the aerosol so produced undergoes a selection on the base of dimensions; while the 
larger droplets are discarded, smaller ones (about 1-2%) are transported to the plasma by argon 
flow. The analyte undergoes evaporation of liquid phase and then vaporization and 
atomization; finally, produced atoms lose electron more weakly bound, determining cations 
formation (ionization). Ions produced are extracted from plasma into the mass spectrometer 
region which is held at high vacuum, ensured by the action of series of pumps. Analyte ions 
are then focused by a series of ion lenses into a quadrupole mass analyzer, which separates 
the ions based on their mass/charge ratio. Finally, ions reach the detector. 
The concentrations of total Tl and other trace elements were determined by Thermo X7 Series 
ICP-MS equipped with a CCT (Collision Cell Technology) chamber at the HydroSciences 
Laboratory of CNRS of Montpellier (France).  
The quality of the analytical methods used was checked by analyzing certified international 
reference materials: SPS-SW2 batch 119 (Spectra Pure Standards, Promochem, Molsheim, 
France) and SLRS-4 (NRCC, Ottawa, Ontario, Canada) for concentrations of total Tl and 
other trace elements in river water. Accuracy was within 5% of the certified values and the 
analytical error (relative standard deviation) generally better than 5% for concentrations 10 
times higher than the detection limit, whose value is 0.0007 μg/l for thallium. 
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Before proceeding with analysis, samples were opportunely treated in different way according 
to water or sediment samples. Particularly, sediment samples were lyophilized, grounded, 
subjected to acid digestion and finally properly diluted. For lyophilization process it was used 
the CRIOS-55 lyophilizer of Cryotec (Figure 6.9), in which frozen samples have remained for 
three days in vacuum conditions and at a temperature of -50°C, in order to private them of 
liquid component. 
 
Figure 6.9, CRIOS-55 lyophilizer, Cryotec. 
Subsequently, lyophilized samples were ground through the use of an agate mortar to reduce 
their particle size and finally underwent acid digestion in the clean room (10000 class). In this 
phase about 100 mg of sediment samples were digested at room temperature in closed Teflon 
reactors with H2O2 35%. After this, samples were put on an hot-plate and temperature was 
increased up to 95°C in three steps during 6 h. Once at 95°C caps of reactors were partially 
opened to allow the gas leave the tube and to avoid having any explosion. After 24 hours cap 
were completely opened to let the H2O2 evaporate, avoiding that the residue to be completely 
dried. Obtained dry residues were added a mixture of 4 ml of HNO3, 3 ml of HF and 0.13 ml 
of HClO4, and put on the hot-plate for 6 h increasing temperature up to 95°C. Once at 95°C 
the same procedure previously described was carried out. Finally, on dry residues obtained 
from this second step, the same procedure was repeated once again with 1 ml of HNO3 and 3 
ml of HCl (aqua regia). The final dry residue of samples was brought to 30 ml using 3 ml 
HNO3 and double deionized water (Milli-Q®), and filtered with HNO3 10% on a nylon filter 




For trace elements analysis with ICP-MS, water samples were taken as they were prepared in 
the field and opportunely diluted as shown in Table 6.4. 
Sample VTOLG VDOLG VDSRM VSMSA VTMSA VTPPT VDRPO VTINC 
Dilution x 200 x 500 x 500 
not 
diluted 
x 200 x 10 x 500 x 2 
Table 6.4, dilutions of water samples for ICP-MS analysis. 
The concentrations of total Tl and other trace elements were also determined at the Institute 
for Chemistry of OrganoMetallic Compounds (CNR) of Pisa and at the Department of Earth 
Science of Pisa University. At CNR was used 7700x ICP-MS, Agilent Technologies, USA. 
The operating parameters for ICP-MS were optimized prior to the determinations with a 
tuning solution containing 1.0 ng/ml of Ce, Co, Li, Mg, Tl and Y. A solution of 10 μg/l of Ir 
(Agilent Technologies, USA) was used as internal standard. The quality of the analytical 
method was checked by analyzing a certified reference material (NIST1640A, National 
Institute of Standard Technology, USA). The certified concentration of Tl reported for SRM 
1640a was 1.619 ± 0.016 μg/l, and the found concentration was 1.61 ± 0.08 μg/l. Then real 
samples were analyzed in triplicate. At the Department of Earth Science of Pisa University 
was instead used an ICP-MS NexION 300x, Perkin Elmer, with a plasma gas (argon) flow of 
16 l/min and Rh/Bi (20 μg/l) as internal standards. 
6.2.3 HPLC-ICP-MS for thallium speciation 
Redox thallium speciation in water and sediment samples was determined by High Pressure 
Liquid Chromatography coupled with Inductively Coupled Plasma Mass Spectrometry 
(HPLC-ICP-MS) (Figure 6.10). Thallium species, Tl(I) and Tl(III), were separated by HPLC 
with 100mmol/l ammonium acetate buffer (pH 6.2) as the mobile phase. HPLC is a 
chromatographic technique that differs from the other liquid chromatography because of the 
use of high pressures that allow to separate very complex mixtures in a short time. 
For this experiment, chromatographic separation was performed using anion exchange 
chromatography (Hamilton PRP-X100 column, 15 cm length and 4.1 mm internal diameter, 
with Varian Prostar gradient solvent delivery system) coupled to Thermo X7 Series ICP-MS 




Figure 6.10, HPLC-ICP-MS from HydroSciences of Montpellier. 
Before proceeding with samples analysis, it was done a calibration cycle of the instrument, 
using in the order the following solutions: blanc AA DTPA (represented by a solution of 100 
mM AA and 5 mM DTPA), blanc AA DTPA, 1 ppb Tl(I) in AA DTPA, 1 ppb Tl(III) in AA 
DTPA, 10 ppb Tl (I) in AA DTPA, 10 ppb Tl (III) in AA DTPA, 50 ppb Tl(I) in AA DTPA, 
50 ppb Tl(III) in AA DTPA, 150 ppb Tl(I) in AA DTPA, 150 ppb Tl(III) in AA DTPA, blanc 
AA DTPA, blanc AA DTPA. 
After calibration cycle, were loaded: two blanks AA DTPA, two blanks TM25.4 (made of a 
blanc AA DTPA acidified with 0.2% of concentrated nitric acid), TM25.4 (the certified 
standard), and finally samples. Table 6.5 shows standard values and measured values of the 
same standards with HPLC-ICP-MS analysis. 
STANDARD Certified value Minimum value Maximum value 
Tl TM 25,4 (ppb) 30.5 27.6 33.4 
Results of Standard Analysis 
 Tl(I) (ppb) Tl(III) (ppb) 
TM25.4-1 33.54 <LD 
TM25.4-2 30.95 <LD 
TM25.4-3 32.71 <LD 
Table 6.5, Standard certified and measured values.  
Standards and water samples were prepared in 100 mmol/l AA buffer + 5 mmol/l DTPA, pH 
6.2. A standard solution of Tl(I) (1 g/l) was prepared by dissolving an appropriate amount of 
TlNO3 in water. A standard solution of Tl(III) (1 g/l) was prepared by dissolving an 
appropriate amount of Tl(NO3)3x3H2O in 100 mmol/l AA buffer and 5 mmol/l DTPA. The 
recovery of both Tl species spiked at a concentration of 100 μg/l in the synthetic mine water 
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samples was checked. For this purpose, 1 ml of synthetic mine water containing 1 g/l of Fe as 
FeSO4 x 7H2O spiked with either 100 μg/l of Tl(I) or 100 μg/l of Tl(III) was added to 1 ml of 
preservative solution containing a mixture of 1 mol/l AA and 50 mmol/l DTPA, and the 
mixture was completed to 10 ml with deionized water. Each sample was analyzed in triplicate: 
the natural sample, sample with addition of 10 ppm Tl(I), and sample with addition of 10 ppm 
Tl(III). Spiked theoric values of Tl(I) and Tl(III) are reported in Table 6.6. 
 Tl (I)  Tl (III)  
100 µl for 1 ml 1668 1003 
100 µl for 9 ml 185 111 
Table 6.6, doping theoric value (ppb). 
The analysis of each triplicate was interspersed with blanc AA DTPA analysis, and a second 
calibration cycle was done in the middle of the all samples analysis. At the end of analysis, 
were finally loaded two blanks AA DTPA, two blanks TM25.4, and the standard TM25.4. 
Effluent from HPLC column was then delivered to the nebulizer of ICP-MS for the 
determination of thallium species. 
Tl speciation analysis in sediments was made in agreement with the procedure used by 
Ospina-Alvarez et al. (2015). About 100 mg of sediment samples, lyophilized and ground 
following the procedure described in the paragraph 6.2.2, were treated with 5 ml of a solution 
containing 5 mM of DTPA and 100 mM of a buffer solution made with ammonium acetate 
and acetic acid at pH 6.2. Extraction procedure was also applied on freeze-dried subsamples 
spiked with either T(I) or Tl(III), in order to quantify the recovery and stability of Tl species 
during extraction. The mixture was stirred for 2h on an agitation table, then centrifuged at 
3000 RPM for 30 minutes, filtered at 0.22μm and the filtrate was diluted in 0,1 M AA and 5 
mM DTPA. Finally, samples were adequately diluted before HPLC-ICP-MS analysis. 
Thallium extraction from sediments was also done with a second method, using H3PO4 as 
proposed by Resongles et al. (2014) for arsenic speciation. Extractions were carried out using 
100 mg of sediments, lyophilized and ground following the procedure described in the 
paragraph 6.2.2. Samples were heated at 95°C for 1 hour on a hot plate with 15 ml of H3PO4 
1M in a polypropylene tube; at the end of the time, samples were allowed to cool to room 
temperature and filtered using a polypropylene syringe and a cellulose acetate syringe filter 




Redox thallium speciation in water samples was also done at the Institute for Chemistry of 
OrganoMetallic Compounds (CNR) of Pisa. It was carried out by HPLC-ICP-MS using a 
cation exchange guard-column Dionex CG-2 (50 mm length and 4.0 mm internal diameter). 
A HPLC pump (1260 model, Agilent, USA) equipped with a Model 7725 injection valve and 
a 100 μl injection loop (Rheodyne, Cotati, CA, USA) was used. The mobile phase was 45 
mmol/l HNO3 with 3 mmol/l NH4NO3 and 0.75 mmol/l DTPA. The injection volume was 20 
μl and the pump flow rate was set at 1.5 ml/min. 
6.2.4 Microcosm experiment 
A microcosm experiment was set up in agreement with the procedure used by Héry et al. 
(2014), to evaluate variations during time of Tl(I) and Tl(III) concentrations in a Tl-free water 
with the presence of sediment containing thallium. The investigation was separately 
conducted in oxic and anoxic conditions. 
Sediment sample used for the experiment was VSMSA taken on the bottom of the pool of 
Mulini di Sant’Anna spring, and then minced and lyophilized. It was prepared in triplicate for 
both anoxic and oxic conditions. Plastic bottles were prepared and washed with nitric acid 
20% (HNO3) and rinsed three times with deionized water before use and for the water 
component it has been used a water similar in chemical composition to the one of Baccatoio 
stream. It has been used the bottle water called “Carrefour springy” that presents a pH of 7.6 
and various concentrations of elements (Table 6.7) similar to water of interest and. 
Element Ca Mg Na K HCO3- SO42- NO3- Cl- F 
Concentration (mg/l) 63 10.2 1.4 0.4 173 51.3 2 <1 <0.05 
Table 6.7, average composition of Carrefour springy. 
For each microcosm bottle, has been taken 3 g of sediment sample and 20 ml of Carrefour 
springy. To create a oxic microcosm inside the bottle a filter of 0.22 μm was placed on top of 
a needle inserted in the rubber stopper, instead anoxic conditions were obtained by flushing 
the microcosms with sterile N2. During the experiment, all samples were put on an agitation 
table and after predetermined time were taken 2 ml of sample from each bottle and prepared 
for thallium speciation analysis. The experiment duration was of 11 days and samples have 
been taken five times, at days 0, 1, 4, 7 and 11. In particular, samples taken at day 0 were 
removed from the bottle after 2 hours of agitation table. Finally, 1 ml of sample was diluted 




7.1 Major ions and trace elements in waters 
The major ions concentration in water samples are reported in Table 7.1. 
 VDOLG VTOLG VDSRM VTMSA VSMSA VTPPT VDRPO VTINC 
HCO3     183 134  148 
Na  7.61 8.24 8.27 6.30 7.11 13.72 9.79 
K  0.78 2.90 0.75 0.55 0.57 2.61 0.88 
Ca  227 269 100 65.0 71.7 135 57.1 
Mg  92.2 151 25.8 15.0 17.1 29.2 11.2 
F      0.24  0.27 
Cl     11.0 10.1  14.1 
NO3     1.80 1.38  0.98 
SO4     75.0 143  86.0 
Table 7.1, major ions concentrations expressed in mg/l, in waters. 
Trace elements concentrations in water samples measured at HSM-CNRS (Montpellier) are 
reported in Table 7.2. 
 VDOLG VTOLG VDSRM VTMSA VSMSA VTPPT VDRPO VTINC 
Li 106 19.9 28.7 <LOD 0.8 1.0 26.3 1.7 
B 142 <LOD 96.1 42.7 8.7 9.5 <LQ 43.0 
Al 48400 9760 31560 8250 126 26.5 44700 38.6 
Ti 242 79.8 116 120 1.12 <LOD 126 0.57 
V 223 48.9 120 87.7 0.70 0.25 106 0.88 
Cr 99.5 20.6 46.7 18.0 0.2 <LQ 71.1 0.1 
Mn 27700 3160 6010 2150 87.0 118 3710 1660 
Fe 5066000 358300 2238000 22400 29.6 186 1305400 263 
Co 171 18.3 101 5.68 0.38 1.0 252 4.51 
Ni 1610 197 462 44.3 4.24 7.78 606 7.32 
Cu 440 92.2 354 295 0.53 1.96 3560 6.23 
Zn 3690 635 1880 139 6.31 6.27 62900 47.1 
As 5810 543 2550 <LOD 0.35 <LOD 6420 2.99 
Rb 17.3 4.47 29.4 2.26 0.44 0.71 20.9 4.91 
Sr 4760 916 1620 288 108 126 452 230 
Mo 18.1 3.16 18.1 3.67 0.35 0.22 10.7 0.82 
Cd 18.1 3.36 11.2 1.06 0.08 0.10 348 0.67 
Sn 3.51 1.87 <LQ 8.80 0.02 0.09 <LQ 0.04 
Sb 534 28.6 210 <LQ 0.395 0.323 582 1.36 
Cs 8.98 2.07 4.61 0.749 0.030 0.079 3.47 0.056 
Ba 26.0 36.9 22.7 106 60.5 53.1 41.9 111 
Pb 50.4 44.6 34.7 6.64 0.128 0.024 412 0.109 
Th 35.1 3.98 45.7 1.15 0.016 <LQ 128 0.026 
U 75.5 10.3 49.9 4.18 0.433 0.227 100 2.16 
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Table 7.2, trace elements concentrations (μg/l) in water samples measured at HSM-CNRS. (LD = 
Detection Limit, LQ = Quantification Limit, characteristic for each element). 
7.2 Trace elements in sediment samples 
The trace elements concentrations in sediments are reported in Table 7.3. Samples were 
analyzed in triplicate, and concentrations represent the averaged values. 
 VTOLG VTMSA VSMSA(bt) VSMSA(w) 
Li 5.36 0.48 60.0 27.2 
B 15.8 14.6 215 88.7 
Al 7890 2670 47000 38000 
Ti 421 68.7 2440 2030 
V 136 33 107 41.8 
Cr 20.3 14.9 59.4 29.0 
Mn 2620 1270 6260 46100 
Fe 420200 443000 102600 79600 
Co 2.07 2.06 46.3 201 
Ni 34.4 14.0 194 1090 
Cu 12.4 21.4 90.0 32.8 
Zn 208 47.9 1130 3020 
As 2650 196 402 134 
Rb 19.1 1.06 91.2 24.1 
Sr 21.8 38.7 84.8 114 
Mo 15.7 3.0 12.5 5.4 
Cd 0.67 0.32 6.0 37.6 
Sn 0.67 0.28 3.94 2.08 
Sb 259 14.0 146 22.5 
Cs 1.69 0.142 5.42 1.32 
Ba 1870 365 4400 4040 
Pb 16.7 15.0 187 32.0 
Th 1.57 7.07 8.35 8.18 
U 0.704 0.710 2.84 9.78 
Table 7.3, trace elements concentrations (μg/g) in sediment 
samples measured at HSM-CNRS. VSMSA(w) and 
VSMSA(bt) refer to the wall and bottom sediments in the 
Molini di Sant’Anna pool. 
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7.3 Total thallium concentration and speciation in water and sediment 
samples 
Total thallium concentration in waters measured at HSM-CNRS are reported in Table 7.4. 
The results are graphically shown in Figure 7.1. 
 Total Tl (ug/l) 
Sample HSM-CNRS ICCOM-CNR DST-UNIPI 
VDOLG 796 641 800 
VTOLG 157 129 115 
VDSRM 923 768 856 
VTMSA 33.9 37.9 31.5 
VSMSA 11.6 10.6 11.7 
VTPPT 16.1 16.1 15.8 
VDRPO 375 336 350 
VTINC 9.11 7.79 5.57 
Table 7.4, comparison of the total thallium concentration 
obtained at HSM-CNRS; ICCOM-CNR; DST-UNIPI. 
 






The total Tl concentration in sediments is reported in Table 7.5 and graphically shown in 
Figure 7.2. 
  VTOLG VTMSA VSMSA(bt) VSMSA(w) 
Tl concentration in sediment (µg/g) 210 58.6 126 571 
Table 7.5, Thallium concentration (µg/g) in sediments. 
 
Figure 7.2, concentration of total thallium in sediments.  
The results for thallium speciation in water samples are reported in Table 7.6 and graphically 
shown in Figure 7.3. 
Sample Tl(I) (μg/l) Tl(III) (μg/l) Tl(I) + Tl(III) (μg/l) Tl(I) % Tl(III) % 
VDOLG 806 13.7 820 98.3 1.7 
VTOLG 38.0 91.7 130 29.3 70.7 
VDSRM 903 9.58 912 99.0 1.0 
VTMSA 19.6 14.9 34.4 56.8 43.2 
VSMSA 12.4 <0.07 12.4 >99 <0.6 
VTPPT 16.5 <0.07 16.5 >99 <0.5 
VDRPO 362 2.98 365 99.2 0.8 
VTINC 9.18 <0.07 9.18 >99 <0.8 
Table 7.6, samples with respective Tl(I) concentration (μg/l), Tl(III) concentration (μg/l), 




Figure 7.3, results of thallium speciation in water samples. 
Comparison between total thallium by ICP-MS and sum of Tl(I) and Tl(III) by HPLC-ICP-
MS at HSM-CNRS is reported in Table 7.7 and graphically shown in Figure 7.4. 
 ICP-MS Total Tl HPLC-ICP-MS Sum Tl(I)+Tl(III) 
VDOLG 796 820 
VTOLG 157 130 
VDSRM 923 912 
VTMSA 33.9 34.4 
VSMSA 11.6 12.4 
VTPPT 16.1 16.5 
VDRPO 375 365 
VTINC 9.11 9.18 





Figure 7.4, total thallium and sum of Tl(I) and Tl(III) from HSM-CNRS. 
The stability of thallium speciation was investigated after one month of storage in freezer from 
the first analysis; a comparison between the data collected from the two analysis is shown in 
Table 7.8. It has to be noted that the sample VDOLG was re-filtered due to the creation of 
particulates during the storage. 
Sample 
Tl(I) (ug/l) Tl(III) (ug/l) 
Tl (I) + Tl (III) 
(ug/L) 
Tl(I) % Tl(III) % 
1st 2nd  1st 2nd 1st 2nd 1st 2nd 1st 2nd 
VDOLG 806 758 13.73 12.51 820 771 98% 98% 2% 2% 
VTOLG 38.0 40.2 91.72 92.43 130 133 29% 30% 71% 70% 
VDSRM 903 911 9.58 9.83 912 921 99% 99% 1% 1% 
VTMSA 19.6 17.3 14.9 13.6 34.43 31.0 57% 56% 43% 44% 
VSMSA 12.4 11.2 <0.07 0.35 12.4 11.5 100% 97% 0% 3% 
VTPPT 16.5 15.4 <0.07 0.11 16.5 15.5 100% 99% 0% 1% 
VDRPO 362 353 2.98 3.08 365 356 99% 99% 1% 1% 
VTINC 9.18 8.34 <0.07 0.07 9.18 8.42 100% 99% 0% 1% 
Table 7.8, data comparison from first (1st) and second (2nd) analysis. Values of the second 




The recovery rate respect to the first analysis was 89% (min) - 106% (max) for Tl(I) and 91% 
(min) – 103% (max) for Tl(III) (Table 7.9). 
Sample 
Recovery rate of Tl(I) (%) 
respect to the 1st analysis  
Recovery rate of Tl (III) (%) 
respect to the 1st analysis  
VDOLG 94% 91% 
VTOLG 106% 101% 
VDSRM 101% 103% 
VTMSA 89% 91% 
VSMSA 90%  
VTPPT 93%  
VDRPO 97% 103% 
VTINC 91%  
Table 7.9, recovery rate of Tl(I)% / Tl(III) (%) respect to the first analysis. 
The comparison between thallium speciation results analysis at HSM-CNRS and ICCOM-
CNR is reported in Table 7.10 and Figure 7.5. 
 HSM CNR 
 Sum of Tl(I) and Tl(III) Tl(III) Sum of Tl(I) and Tl(III) Tl(III) 
  (μg/l) %  (μg/l) % 
VDOLG 820 1.67 641 <0.01 
VTOLG 130 70.70 129 47 
VDSRM 912 1.05 768 <0.01 
VTMSA 34.4 43.18 37.9 40 
VSMSA 12.4 <0.6 10.6 <0.01 
VTPPT 16.5 <0.5 16.1 0.08 
VDRPO 365 0.82 336 <0.01 
VTINC 9.18 <0.8 7.79 <0.01 





Figure 7.5, comparison of thallium speciation results analysis at HSM-CNRS and ICCOM-
CNR. 
The results of thallium speciation in sediments with AA-DTPA are reported in Table 7.11 and 
Figure 7.6. The HPLC-ICP-MS analysis of VSMSA at HSM-CNRS, revealed the presence of 






















VTOLG 7.48 0.23 1.33 0.08 0.00 0.00 9.05 4.19 
VTMSA 4.22 0.02 0.25 0.00 0.00 0.00 4.48 7.63 
VSMSA(bt) 7.24 0.33 18.5 0.62 1.04 0.95 27.9 22.1 
VSMSA(w) 13.45 0.45 52.3 1.51 0.68 0.28 66.2 11.7 
Table 7.11, Tl(I) and Tl(III) concentrations average and standard deviation (SD), 





Figure 7.6, comparison of extracted and unextracted thallium in AA-DTPA extracts. 
 
Figure 7.7, mass spectrum of VSMSA(bt) sample, in which can be identify Tl(I) peak, Tl(III) 
peak and two unknown peaks (HSM-CNRS analysis). 
Results of thallium speciation in sediments with H3PO4 extraction, are reported in Table 7.12 












VTOLG 15.43 0.49 15.92 7.57 
VTMSA 15.83 <LD 15.83 27.00 
VSMSA(bt) <LQ 2.50 2.50 1.99 
VSMSA(w) 5.40 11.63 12.43 2.18 
Table 7.12, Tl(I) and Tl(III) concentration average, 









7.4 Microcosm experiments results 
Microcosm experiments were carried out to test the mobility of thallium from the solid 
deposits recovered at the bottom of station VSMSA. Experiments were made in oxic and 
anoxic conditions during a period of two weeks. Results of Tl(I) and Tl(III) concentrations 





































Ox T1 5.53 0.61 0.517 0.084 2 hours 6.04 0.69 
Ox T2 6.97 0.16 0.12 0.013 1 day 7.09 0.17 
Ox T3 9.42 0.88 0.131 0.025 4 days 9.55 0.91 
Ox T4 10.7 0.52 0.308 0.009 7 days 11.0 0.53 



















Anox T1 4.78 0.09 0.45 0.028 2 hours 5.23 0.12 
Anox T2 5.83 0.13 0.114 0.006 1 days 5.94 0.13 
Anox T3 9.06 0.41 0.153 0.019 4 days 9.2 0.43 
Anox T4 9.96 0.78 0.264 0.077 7 days 10.2 0.85 
Anox T5 12.5 1.27 0.169 0.046 11 days 12.7 1.32 
Table 7.13, concentrations of Tl(I) and Tl(III) in oxic and anoxic conditions with relative 
sums (Tl(I)+Tl(III)) and standard deviation (SD). T0 is Carrefour springy water; Ox/Anox 





Figure7.9 shows graphs relating to the concentrations of Tl(I) and Tl(III) over time. 
 
Figures 7.9, Tl(I) and Tl(III) concentrations over time of VSMSA(bt) sediment sample in 





As already stressed, chemical analysis on some of the water samples reveal a high 
concentration of Tl, that reaches about 923 µg/l in AMD and 158 µg/l in stream water. 
According to the literature, Tl concentration in surface waters is generally lower than 0.005-
0.01 µg/l, and even in mine contaminated waters the maximum Tl concentration found e.g. in 
an Hg−Tl mine in China was 59 μg L−1 (Xiao et al., 2003), highlighting the specificity of the 
Baccatoio stream catchment. The obtained results also show values that exceed EPA’s limit 
of 2 μg/l for drinking waters in sample VSMSA, that represented a water resource used for 
drinking purposes before September, 2014 (Campanella et al., 2016). Figure 8.1 shows the 
levels of trace elements analyzed in this Thesis with respect to the limits set by the Italian 




Figure 8.1, trace elements concentration in surface water, pore water and spring waters (a) and 
in acid drainages (b). The data are compared with the Italian Regulations (D.Lgs 152/2006). 
Sample labels are those reported in the text. 
Acid mine waters exhibit extremely high concentrations for a range of elements, as often 
reported in this kind of environment (Evangelou and Zhang, 2009). In particular, iron has a 
very high concentration in drainage waters up to a maximum of 5066 mg/l, decreasing to 
lower than 22.4 mg/l in stream waters: this is likely due to the low solubility of Fe(III) species 
at the near-neutral pH that characterizes some of the surface waters at the sampling stations. 
Similarly, the concentrations of divalent metal cations such as Co, Ni, Cu, Zn are significantly 
higher in AMD than in river water. Arsenic presents a very high concentration in drainages 
with respect to the D.Lgs 152/2006 threshold, differently from most surface waters that are 
characterized by a much lower concentration. 
However, it has to be noted that for some elements, such as Al, V, Cu and Zn, some 
discrepancy among the HSM, UNIPI and CNR is observed. This might be due to the sampling 
or experimental procedures and sample treatment. Additional investigations are required to 
address this point and the data from HSM were employed in the present Thesis. 
As previously reported, thallium exists in two oxidation states, the thallous Tl(I) and thallic 
Tl(III) species. Tl(I) species closely resemble alkali metal compounds; they are readily soluble 
in water and oxidized easily by Cl species, like ClO- or ClO2
-, hydrogen peroxide (H2O2), 
nitrous acid (HNO2), etc. 
Potassium species are generally considered as good proxy for Tl(I) compounds, since both 
K(I) and Tl(I) are monovalent, have similar ionic radius (1.33 Å and 1.47 Å respectively), and 
Tl(I) substitutes for K in a number of minerals (e.g. K-Jarosite). Tl(I) can also behaves like 
Rb(I) and Cs(I); however, the behavior of Tl(I) and K (or Rb and Cs) may significantly differ 
in the aqueous phase, mostly due to the dissimilar electronegativity (of 1.62, 0.82, 0.82, 0.79 
respectively for Tl, K, Rb and Cs) and the stronger tendency to form bonds with a greater 
covalent character that characterize Tl(I). For these reasons, Ag(I) is by some Authors 
considered a better indicator of the complexation behavior of Tl(I) in waters. For its properties, 
Tl(I) forms more stable complexes with ligands such as phosphorus and sulfur, while K forms 
more stable complexes with O and F as ligands. Tl(III) is more electronegative than Tl(I), 
having three positive charges able to draw electrons on itself, more than the single positive 
charge of Tl(I). 
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The standard redox potential for the reaction: Tl(III) + 2e- = Tl(I) (1.25 V) suggests that Tl(I) 
is expected to dominate in the aqueous phase, as will be further discussed later, and Tl(III) is 
expected to become relevant only when strong oxidants such as MnO4
- or Cl2 are present, or 
in highly acidic conditions: this becomes relevant when considering the fate of Tl in the 
environment, since Tl(I) is expected to be highly mobile in waters. These observations make 
the experimental determination of Tl speciation in waters (but also in solids) of particular 
interest. Thermodynamic data suggest that Tl(I) in water forms relatively weak complexes 
with most ligands, and it prevalently occurs as free ions. However, the Tl(I) complexation 
constants (e.g. Casiot et al., 2011, for a compilation) indicate that a minor fraction of 
compounds with carbonate or sulfate ligands, or with fulvic acid, may exist in nature as 
indicated by the association constant log K for Tl(I) complex species (some summarized in 
Table 8.1); also, Tl(I) can have the tendency to form solids, such as those shown in table 8.2. 




TlCl(aq)  0.5 
TlCO3-  2.2 
TlHCO3 1.0 





Table 8.1, Tl(I) compounds and relative association 
constant log K (Casiot et al., 2011). 
Species log K 
Tl2CO3  3.8 
Tl2SO4  3.8 
Tl2S 7.2 
Table 8.2, Tl(I) solids species with relative 
association constant log K (Casiot et al., 2011). 
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In solution, Tl(I) speciation may be hence dependent by the nature and amount of solute 
species: for example, in seawater it has been proposed that Tl(I) complexes with chloride and 
sulfate ligands may be of the same amount than the Tl(I) free ionic form. 
In the aqueous phase, Tl(III) was first discovered in seawaters where it represents up to 80% 
of the total Tl content (Batley and Florence, 1975), forming stronger complexes compared 
with Tl(I). The most stable species are represented by chloride and thiosulfate oxyanion 
complexes. Some examples are reported in Table 8.3. 









Table 8.3, some Tl(III) compounds and relative logK 
(Casiot et al., 2011, Kaplan and Mattigod, 1998 and 
in Nriagu, 1998). 
The Tl(III) organic complexes generally occur as RTlX2, R2TlX, R3Tl (with R= organic 
radical; X = sulfate, nitrate, etc). 
The hydrolysis of Tl(III) begins at low pH, according to the pH-dependent reactions (Huangfu 


























On the basis of the hydrolysis constant (Lin and Nriagu, 1998), the distribution of the 




Figure 8.2, distribution of Tl(III) hydroxide complexes as a function of pH (after Huangfu et 
al., 2015) 
It is observed that the dominant Tl(III) hydroxyl species is TlOH2+ in the pH range 3.5-6, and 
Tl(OH)2
+ becomes important at pH about 7. The pH range observed in this study, about 2-7.9, 
suggests that Tl(III) might be in the form of hydroxide complexes. 
Most of these Tl(III) compounds are soluble, except the Tl(OH)3 hydroxide which is strongly 
insoluble (log Ksp= -45.2) (Davies et al., 2016): hence, in oxidizing conditions and even at 
circum-neutral or slightly alkaline pH the formation of solid Tl(OH)3 may influence the 
concentration of Tl in the aquatic environment. 
The hydrolysis of Tl(I), according to the reaction: 
TlOHOHTl    
shows an hydrolysis constant K=10-11.7 (Lin and Nriagu, 1998), indicating that Tl+ will be the 
dominant form in a large range of pH (Figure 8.3). At elevated pH, the substitution of Tl+ by 




Figure 8.3, distribution of Tl+ and TlOH species as a function of pH (after Huangfu et al., 
2015). 
The overall solubility of some thallium compounds in waters is reported in Table 8.4. 
Compound Solubility g/l (20°C) 
Thallium carbonate (Tl2CO3) 52.3 
Thallium(I) chloride (TlCl) 3.4 
Thallium(III) chloride (TlCl3) 826 
Thallium fluoride (TlF) 786 
Thallium(I) hydroxide (TlOH) 350 
Thallium nitrate TlNO3) 86.7 
Thallium sulfate (TlSO4) 0.2 
Thallium sulfide (Tl2S) 0.2 
Thallium phosphate (Tl3PO4) 5 




As already stated, Tl(III) may form complexes with higher stability compared with Tl(I). 
Some examples are given in Table 8.5, giving the log K values. 
Ligand log K Tl(I) log K Tl(III) Number of ligand 
Cl- 0.52 8.14 1 
EDTA  22.50 1 
DTPA  46 1 
F- 0.10 6.44 1 
SO42- 0.95 9.02 1 
HPO42- 3.31 17.66 1 
SO42- 1.02 9.28 2 
CO32- 2.79 15.76 2 
HCO3- 3.42 18.07 1 
Table 8.5, Tl(I) and Tl(III) complexes with their stability constants log K and 
number of ligand (Lin and Nriagu, 1998). 
Adsorption represents an additional process which may be important for the fate of Tl in 
aquatic ecosystems and in the partitioning between waters and solids. Adsorption can be 
modeled following the diffuse double layer theory, e.g. using the Dzombak and Morel (1990) 
data-base for hydrous ferric oxides (Hfo), or sorption isotherms that in some cases 
demonstrated to properly account for the Tl distribution in laboratory experiments. In 
particular, Casiot et al. (2011) reported log K of -2.7 and -3.8 (at 25°C) for sorption on Hfo 












Some Authors also claim that adsorption starts to be significant at pH of about 3.0, and that 
Tl+ would be completely adsorbed at pH=6.5. Adsorption of Tl(III), according to the same 
scheme, would start to be significant at pH about 4.6 and at pH=6.5 all Tl(III) would become 
adsorbed. The observation of natural systems in some case deviates from laboratory 
experiments, indicating a quite conservative behavior for Tl(I) even in the presence of Hfo 
precipitates. Kinetics effects should probably be considered.  




Figure 8.4 sorption edges for Tl and other elements by Hfo according to the two-layers 
model. 
It is noted that adsorption of Tl(I) is significant at relatively lower pH values than other metal 
cations, since Tl(I) is not hydrolyzed in a significant amount at low pH.  
It is also worth to remind that Tl(I) replaces K in clay and secondary silicate minerals, and 
both Tl(III) and Tl(I) have a high affinity for Mn oxyhydroxides, as observed in Mn marine 
oxides, also due to the point of zero charge (PZC) of this solid: in fact, Mn oxide is 
characterized by a low PZC entailing a negative charge of its surface in a fairly wide pH range, 
and it is hence able to adsorb cations and possibly to oxidize thallium. Actually, Tl(I) 
undergoes oxidation at the mineral surfaces of Mn oxides. In particular, Huangfu and co-
workers (2015) demonstrated that the adsorption of Tl(I) on nanosized Mn dioxide was better 
simulated by a Freundlich isotherm model, given by: 
n
eFe CKQ   
where Qe is the adsorbed amount of Tl(I) ions, Ce is the equilibrium concentration of Tl(I) in 
water, and KF and n are adjustable parameters (Wan et al., 2014 [mmol
1-nLn/g]: KF between 
1.83 and 1.91 and n between 8.33 and 10; Huangfu et al., 2015 [mg/mmol]: KF=25.44 and 
n=0.36). 
A comparison of standard free energies for the oxidation reactions of Tl and typical water and 
wastewater treatment oxidants (Davies at al., 2016) (Table 8.6.), indicates that potassium 




Reagent ∆G0 (kJ/mol Tl) 
KMnO4 -91.0 
H2O2 -108.0 
Table 8.6, Standard Gibbs free energy for Tl(I) oxidation 
(Davies et al., 2016) 
In particular, permanganate oxidation of Tl(I) determines the formation of Tl(III), that can 
subsequently form Tl(III) hydroxyl species at the appropriate pH conditions (Davies et. al, 
2016).  
As far as the redox chemistry of Tl is concerning, it has been already stressed that, according 
to the standard reduction potential for Tl(III) in the aqueous phase (1.25V, i.e. k=1043.3) Tl(I) 
is dominant in natural waters. 
If thermodynamic equilibrium is attained, the Tl(III)/Tl(I) ratio might be calculated on the 
basis of the Nernst equation: 
)](/[)](log[/303.2 IIITlITlnFRTo    
which can be simplified as 
)](/[)](log[29.028.1 IIITlITl  
These data allow pe (or Eh) – pH diagrams to be built, as will be shown in the following using 
the MINTEQ v.4 data-base. It has also to be noted that the Tl(III)/Tl(I) standard potential is 
higher compared with Fe(III)/Fe(II) (0.77V) or As(V)/As(III); in particular these data indicate 
the reaction between Tl(III) and Fe(II) might occur spontaneously, so that Tl(III) is an oxidant 
for Fe(II). However, Karlsson et al. (2006) and Li et al. (2005) demonstrated that Tl(I) is 
oxidized to Tl(III)(aq) in systems where photoreduction of Fe(III) to Fe(II) occurs with both 
UV irradiation or sunlight. In the experiments, the oxidation was quantitative with the 
occurrence of Fe(III)(aq) and not quantitative in systems with Fe(III)(s). The same Authors have 
also shown that at low pH Tl(III) remains dissolved, while at circum-neutral pH or alkaline 
conditions it is adsorbed onto Hfo. However, the Authors were not able to completely account 
for the actual process responsible for electron transfer. It seems a matter of fact that Tl(I) can 
be oxidized to Tl(III) by photoirradiation, ultimately precipitating as Tl(OH)3. 
Microorganisms might have a role in this process, as reported by the experiments conducted 
by Twining et al. (2003). These Authors concluded that solar radiation alone cannot make 
Tl(I) oxidize to Tl(III), and that microorganisms are necessary for Tl(I) photooxidation. 
However, microorganisms growth is inhibited at high Tl concentration, and in such conditions 
Tl(I) photooxidation was observed anyway. In these processes, the highly reactive transient 
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hydroxyl radicals (·OH) might also represent strong oxidants, also considering that the 
production of hydroxyl radicals is speeds up by Fe(II) generated by photoreduction (photo-
Fenton reactions). All these aspects require however additional studies. 
In order to make Tl speciation calculations, it has to remind that, at present, there is still a 
large uncertainty in predicting thallium speciation in natural freshwaters. Even the set of 
hydrolysis constants for Tl(III), for example, may differ as in the case of those reported by 
Lin and Nriagu (1998) and by NIST (2004). This variability yields different Tl(III) calculated 
stable species in the Eh-pH field, such as Tl(OH)3
o-dominant or the gradual transition from 
TlOH2+ to Tl(OH)4
-, as previously reported. In the absence of natural organic matter (NOM, 
humic and fulvic acids) the extent of Tl(III) complexation by NOM is still not totally known. 
Besides calculations, the redox state of Tl in natural waters can be analytically determined, 
and the available data reveal the predominance of Tl(I) in river systems or lakes, even if Tl(III) 
has been also reported as an important component in surface waters (Lin and Nriagu, 1999). 
Furthermore, the kinetics of Tl(I)-Tl(III) redox is not fully known and this makes the 
comparison of speciation calculations and analytical determination of Tl species difficult. 
Even less known is the speciation of thallium in sediments: only few studies are available for 
sediments and porewaters, such as those of Laforte et al. (2005). Remobilization of Tl from 
sediments is attributable to reduction of Tl(III) to the poorly reactive Tl(I), which would be 
able to diffuse in the water columns upward. 
In this contest, the occurrence and speciation of Tl in soils is particularly relevant, since the 
extent of retention by the solids has profound effects on the transfer of this toxic element to 
the biota. In a comparison between Tl(I) and Ag(I) in soils, Jacobson et al. (2005) highlighted 
the role of NOM through both exchanges and complexation; they observed that Tl sorption is 
dominated by illitic clays, and that Mn oxides have also an active role suggesting that Hfo had 
not a significant role. However, no speciation data are given by the Authors. Voegelin et al. 
(2015) investigated the speciation of Tl in soils developed from mineralized carbonate rocks 
and containing altered ore fragments using synchrotron X-ray fluorescence spectroscopy. 
They reported on the sequestration of Tl(III) into Mn-oxides and Tl(I) was dominated by 
retention on illites possibly due to cation exchange fixed at the interlayer illite/smectite. 
Extractability experiments through different extraction procedures demonstrated a low 
fraction of labile Tl and a reduced bioavailability in such soils. 
These different studies indicate that the role of Mn dioxide is important in determining the 
fate and speciation of thallium in the soils-sediment-water system through the selective 
capture of Tl(I) and subsequent oxidation to Tl(III). Hydrous manganese dioxide (HMO) is 
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confirmed as an efficient adsorber for Tl(I) (Huangfu et al. reported a maximum Tl(I) 
adsorption capacity of about 670 mg/g), at short contact time, in particular when HMOs are 
in nanoparticle size, even at circum-neutral pH, with Tl(I) oxidation to Tl(III) occurring at a 
slower rate compared with adsorption and favoured at low pH (Wan et al., 2014). In 
experiments, in the presence of competitors such as Ca and Mg ions the adsorption decreased 
to some extent. 
The adsorption scheme on HMO would be: 
  HTlOMnTlOHMn  









With lb= low bonding and is=inner sphere. 
Adsorption and retention on nanoparticles may also have an important role in the transport 
and mobility of Tl in natural ecosystems (e.g. Grolimund et al., 1996). In particular Zhang et 
al. (2008) investigated the Tl(III) adsorption on nano-Al2O3 particles, noting that the pH of 
solution influences the distribution of active sites on particles surface and the adsorption of 
thallium increased with an increase of pH from 1 to 5, with a 100% of Tl(III) removal from 
solution at pH 4.5. They have also demonstrated that nano-Al2O3 adsorption of Tl(III) is an 
endothermic process, as indicated by positive ΔH0 values, and easier at high temperature, as 
confirmed by decreasing ΔG0 values with increasing temperature. 
The oxidation-reduction predominance diagram for Tl species considering the chemistry of 




Figure 8.5, Eh-pH diagram in the system Tl-OH-Cl-SO4 (Minteq data-base). The square 
encompasses the typical range of Monte Arsiccio – Pollone mine sites drainage acid waters. 
Open triangles represent drainages from this study.  
It is observed that monovalent Tl(I) occupies almost all the Eh-pH space in these 
environmental conditions, as expected. Only under very alkaline or oxidizing conditions 
Tl(OH)4
- and TlOH and Tl2O3 (avicennite), respectively, may form. TlCl
2+ is confined to 
strongly oxidizing and acidic conditions. TlHS and Tl2S fields are restricted to very reducing 
conditions. The studied drainage waters plot in the Tl+ field; hence, a first consideration is that 
according to thermodynamic data Tl would be in a very mobile form and contamination might 
disperse readily across the ecosystem from the source zone of release through the aquatic 
phase. 
The Eh-pH diagram built on the basis of the typical chemistry of Baccatoio stream surface 




Figure 8.6, Eh-pH diagram in the system Tl-OH-Cl-SO4 (Minteq data-base). The square 
encompasses the typical range of surface water in the sampling site. Filled triangles represent 
acidic surface waters in this study. 
As reported in previous sections, analytical determination of speciation reveals the occurrence 
of Tl(III) species in some of the water samples, despite not predicted on thermodynamic 
ground. In particular, acid drainages are characterized by Tl(III) ranging from about 3 to 14 
µg/l (0.8% – 1.7% of the total thallium content). Since the known mineral phases that 
characterize the orebodies only host Tl(I) (Biagioni, personal communication), the question 
arises about possible processes of Tl(I) oxidation.  
Reaction of Tl(I) with possible oxidants to produce Tl(III) must be both energetically and 
kinetically favourable. In addition to what previously reported, suitable oxidants are e.g. those 
commonly used for water treatment processes (ClO- reagent, G=-17.4 kJ/mol Tl) or, as 
previously seen, hydrogen peroxide (G=-108.0 kJ/mol Tl; even if more effective at high 
concentration and in the presence of iron, Kikuchi et al., 1990). These oxidants, however, 
seem not applicable to the studied environmental conditions. 
The standard potential for the Cr(VI)/Cr(III) and Tl(III)/Tl(I) couples does not preclude the 
possibility of chromates to oxidize Tl(I) (1.33 and 1.25 V, respectively). However, this 
reaction may occur only in the presence of high hydrochloric acid (HCl) concentration 
(Shivamurti et al., 2002) when HCrO4
- is transformed to chloro-chromate ClCrO3
- that would 
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be responsible for the Tl(I) oxidation (Gokavi and Raju, 1987). In addition, in concentrated 
HCl solutions the Cr(VI)/Cr(III) reduction potential decreases to 1.17 V, but the Tl(III)/Tl(I) 
couple is lowered to 0.68 V, making oxidation possible. 
However, none of these conditions may be applied to the studied waters. In addition, 
chromium in drainages likely occurs in the Cr(III) form. 
As stated, oxidative sorption of Tl(I) has been demonstrated by amorphous hydrous 
manganese oxides and (hexagonal) birnessite, in the latter case through the formation of 
Tl(III) surface complex (Peacock and Moon, 2012). Acidic conditions promote MnO2 
reduction, as proposed by Huangfu et al. (2015) at pH 4.0 by the observation of the coexistence 
of Tl(III) and Mn(II), TlOH2+ being the most stable Tl(III) species.  
Mn-oxides may hence have a role in producing Tl(III) species in drainage waters, favouring 
the Mn(II) formation from oxides.  
However, also due to the scarcity of data, these considerations remain merely speculative. 
Much higher concentration of Tl(III) with respect to drainages have been measured in two 
stations along the Baccatoio stream upper course, while flowing in the Monte Arsiccio mine 
site: sample VTOLG, Tl(III)= 91.7 µg/l and the downstream station VTMSA, Tl(III)=14.9 
µg/l, respectively 71% and 43% of the total Tl content in waters. 
UV and visible radiation may produce H2O2 in natural waters, a possible oxidant for Tl(I). 
However, this process alone seems unlikely to account for the Tl(III) detection in only two 
single stations (VTOLG and VTMSA) along the watercourse. As stated, Benjamin et al. 
(2003) reported that bacteria mediate the oxidation of Tl(I) to Tl(III) in surface waters, even 
if the mechanism remained unclear. The Authors supposed a role of Mn-oxidizing bacteria. 
Karlsson et al. (2006) coupled the Tl(I) oxidation in fresh water systems to the photoreduction 
of aqueous Fe(III). The process might be mediated by bacteria. 
It has to be noted that these waters are undersaturated with MnO2, even if it cannot be excluded 
that manganese dioxide colloids form, also considering that these particles may stabilize 
through the occurrence of organic matter (Huangfu et al., 2013). The adsorption of Tl(I) on 
such particles has been observed to be very fast, and, as stated, are oxidizing agents for Tl(I). 
In the two sampling stations VTOLG and VTMSA, Mn and total Tl concentrations decrease 
(from 3158 to 2153 ug/l and from157.5 to 33.9 ug/l respectively) a trend that does not disprove 
these processes. 
However, also in this case, this hypothesis requires further investigations and cannot be 
constrained on the basis of the available data-set. 
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It has also to be noted that these superficial waters are supersaturated with O2, in contrast with 
drainages which enter in the flow with a saturation that goes around 50%, and the possible 
effects on Tl oxidation state should be explored. 
The remaining samples for the Baccatoio stream water (sample VTPPT), pore water (sample 
VTINC) and the Molini di S. Anna spring water (sample VSMSA) do not have detectable 
Tl(III), even if Tl(I) is at concentration of concern. This observation highlights the different 
fate of Tl species in the aquatic ecosystem, and likely reflects the near-conservative behaviour 
of Tl(I) which is little retained by adsorption on hydrous ferric oxides, which represent the 
main solid phase that precipitates from acid drainages upon increasing pH in the watercourse. 
The data might reflect, at least in part, the Tl(III) scavenging from the stream water while 
flowing. 
Analysis have been done to check the preservation of thallium in samples during a storage in 
the freezer at -20 ° C and with AA+DTPA; the results indicate that after one-month, the 
distribution of Tl(I) and Tl(III) species remains quite similar. They vary only a few percent as 
can be seen in Figure 8.8 and it led to positive results for Tl(I) and Tl(III) preservation in AA-
DTPA solutions. 
 
Figure 8.8, concentrations of Tl(I) and Tl(III) of each sample from first and second analysis, 
respectively in green and blue; VTINC, VTPPT and VTMSA in the first analysis showed Tl (III) 
under the LQ (missing green squares). 
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Most of the changes are probably within the analytical uncertainty (which should be 
determined, taking into account the reproducibility and dilution factor). 
In the absence of the DTPA complexing agent, amount of Tl(III) reduces but may persist.  
The total Tl content in stream sediments was about 210 mg/kg and 59 mg/kg at the VTOLG 
and VTMSA stations, respectively, characterized by 92 µg/l and 15 µg/l of Tl(III) in the 
corresponding waters. 
At VSMSA, it is interesting to note that the amount of total Tl largely differs in sediments 
collected at the bottom of the spring pond (about 126 mg/kg) and those taken from the walls 
(about 571 mg/kg). It is possible that the bottom sediments at least in part represent the 
suspended particulate transported by water at the spring outflow and deposed, including Al-
silicate fractions. Scratched sediments from the walls (below the water level) possibly mostly 
represent the solid phases directly precipitated from water, which is supersaturated with Fe 
oxyhydroxides, Al hydroxides and Mn oxides, the latter acting as efficient sorbing phases for 
dissolved Tl. 
Tl speciation analysis in sediments reveal a low Tl recovery, ranging from about 5% to 24% 
extracted. No clear relationship is observed between the amount of Tl extracted and Tl 
speciation: it is however observed that Tl(I) is relatively more abundant than Tl(III) in stream 
sediments, while the contrary is true for sediments at VSMSA where Tl(III) largely exceeds 
Tl(I) in abundance (Figure 8.9). This is in particular true for the sediments collected from the 
bottom of the collector pond. It is hence qualitatively concluded that the high thallium 




Figure 8.9, representation of Tl extracted in AA-DTPA, for VTOLG, VTMSA, VSMSA wall 
(w) and VSMSA bottom (bt) of the collector pond. For the significance of the unknown peaks, 
see text. 
The low extraction might reflect the occurrence of Tl(III) as inner sphere in the solid phases 
that characterize the sediments, not mobilized and complexed by DTPA. Furthermore, the 
different amount of relative Tl species in the streambed sediments and in the spring pond 
deposit might reflect the different nature of the solid phases, since iron-oxyhydroxysulfate 
precipitates that characterize the stream sediments are lacking at the spring, characterized by 
relative low sulphate and iron waters. 
If the Freundlich parameters for Tl(I) adsorption on Mn oxides previously reported are used 
and considering the Tl concentration measured in the spring water (sample VSMSA) of 12.4 
µg/l (which is close to the average value of 14 µg/l so far obtained after repeated sampling 
surveys), and assuming a neglecting role for other adsorbents besides Mn oxides, the amount 
of Tl measured in the wall sediments is accounted for by about 1.5 wt% MnO2 in the sediment 
matrix. It would be of interest to actually characterize these sediments in order to better 
investigate this aspect. 
In general, for Tl speciation in sediments analysis, the method used for suspended particulate 
matter by Ospina-Alvarez et al. (2015) does not seem to work well on AMD and river 
sediments, because of the large amount of unextracted. More in detail, with extraction in AA 
DTPA the chromatogram shows four different peaks, two of them represent the two peaks of 
Tl(I) and Tl(III), but others that are unknown and might be the products of the methylation 
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(but this is not established, because of the difficulty on setting methylthallium peak). 
Methylthallium species have already been evidenced in seawater, particularly the 
dimethylthallium in Atlantic Ocean where the good correlation with biological activities 
suggest a biogenic origin of this compound (Schedlbauer and Heuemann, 1999). 
An additional attempt for Tl extraction from sediments used H3PO4, allowing complete 
dissolution of the solid matrix as proposed by Resongles et al. (2016) for arsenic speciation. 
This extraction method is efficient to extract arsenic because this element is incorporated in 
amorphous phases in newly formed precipitates in AMD; instead, it’s not efficient for 
thallium, as shown by the recovery that not exceeds 26% of the total Tl (Figure 8.10). It means 
that Tl is present in the form of crystallized phases which are not easily dissolved or it is 
extracted and then precipitates after extraction. 
 
Figure 8.10, representation of Tl extracted in H3PO4, for VTOLG, VTMSA, VSMSA wall (w) 
and VSMSA bottom (bt) of the collector pond. 
About microcosm experiments, Tl(I) concentration increased as a function of incubation time, 
in both oxic and anoxic conditions. Instead, the shape of Tl(III) release with experiment 
duration showed an initial slight increase followed by a stationary trend, both in oxic and 
anoxic condition; however, Tl(III) concentration was drastically lower than Tl(I), in 
agreement with its lower solubility (Casiot et al, 2011). These results demonstrated that 




However, it has to be note that the shape of Tl(I) release in solution is higher than the real, 
because solution is private to 1 ml each time resulting in an increase of thallium concentration 
in the remaining solution. 
 
Figure 8.11, Tl(I) and Tl(III) concentrations during 11 days of microcosm experiment, in oxic 
(a) and anoxic (b) conditions. 
What would be expected is the release of Tl in oxic conditions if it was associated to sulfide 
phases and a release in anoxic condition if associated to Fe oxides, due to dissolution of solids. 
Both processes are usually catalysed by bacteria; however, in these samples bacteria were 
supposed to be inactive since sediment was dried before microcosm experiments. The 





To date, literature can’t fully explain the behaviour of thallium and its speciation in the 
aqueous phase and even more in complex natural systems. The difficulties in reconciling 
thermodynamic predictions and speciation analytical data are confirmed in this Thesis, that 
can be considered as a starting point for a better comprehension of Tl(I) and Tl(III) behaviour 
in the Baccatoio stream system. 
In summary, the collected data show that Tl(I) and Tl(III) are present along the stream, both 
in the water and sediments, the relative amount depending on the sampling area, indicating 
the occurrence of reduction and oxidation reactions. This kind of processes are critical for 
environmental and health reasons, because of the different toxicity attributed to the 
monovalent and trivalent forms and, also, for a future environmental remediation. However, 
more analysis are necessary in order to understand the dynamics that occur between these 
species, in particular the Tl(I) oxidation mechanism. 
This study also confirms the presence in the Baccatoio catchment waters and sediments of 
high concentration of potentially toxic elements, normed by D. Lgs 152/2006, as already 
detected in the past. 
It has been also confirmed that the storage of water samples in AA-DTPA at -20°C, allows an 
efficient preservation of Tl(I) and Tl(III) species. Furthermore, obtained results about thallium 
extraction in sediments by AA+DTPA and H3PO4, indicate a poor efficiency of both methods 
in terms of amount of extracted thallium. 
Finally, microcosm experiment showed that during the 11 days of investigation there was an 
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